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ABSTRACT
Twenty-seven apparently healthy females volunteered for the study to compare the 
effects of neuromuscular electrical stimulation (NMES) (N = 7), traditional isotonic 
weight training (N = 9) and NMES combined with isotonic weight training 
(N = 11) on triceps brachii strength. Strength was measured isotonically ( 1-RM) and 
isometrically (MVIC). The Weight and Weight/NMES groups performed 3 sets of 8 to 10 
reps at 60% of 1-RM, 3 times per week. The NMES group received NMES 3 times per 
week. All groups were pre- and post-tested to determine 1-RM and MVIC. Strength was 
also tested after four weeks, in order to ensure the Weight and NMES/Weight groups 
were training at a minimum of 60% of 1-RM. Two mixed factor design ANOVAs (Group 
X Time X Arm) found no significant difference between groups at pretest (.05). All three 
groups demonstrated significant increases in strength, both isometrically and isotonically.
A statistical difference was not found between the three training methods and their effect 
on isometric strength. However, the Weight and the NME S/Weight group demonstrated 
significantly greater gains in isotonic strength than the NMES group. The NMES/Weight 
group demonstrated the largest mean increase in strength, followed by the Weight group 
and the NMES group, respectively. The results indicated that groups NMES/Weight and 
Weight were equivalent. Therefore, the combination o f NMES and isotonic weight 
training has no greater effect on strength than traditional isotonic training.
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CHAPTER 1
INTRODUCTION
The goal of a strength training program is to increase the maximum amount of 
force that can be generated by a particular muscle group. The exercises for strength- 
training have been traditionally categorized as isometric or static, isotonic or dynamic, and 
isokinetic exercise. Isometric exercise involves a maximal contraction of the muscle 
without joint movement (Powers & Howley, 1994). This type of exercise is also called a 
static contraction. Isotonic or dynamic exercise is force applied and carried through the 
Ml range of motion. The term variable resistance describes the exercise performed on 
machines such as Nautilus equipment. This equipment provides resistance which varies 
throughout the isotonic contraction (Powers & Howley, 1994). Isokinetic exercise is an 
action in which the exertion of force is held at a constant velocity through the Ml range of 
motion (Powers & Howley, 1994).
Electrical stimulation is another technique used to develop muscle strength. The 
capability o f conducting an electrical current across the peripheral nerve of a muscle, 
causing it to contract and minimize atrophy, has been incorporated into rehabilitative 
medicine for the greater part of the twentieth century (Geddes, 1984), and, for the last 
three decades, there have been claims that electrical stimulation has served as a
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supplement to, or a replacement for normal strength training (Comereski, 1994). The 
technique of artificially contracting the muscle tissue, known as neuromuscular electrical 
stimulation (NMES), involves electrically stimulating the mixed nerves of the peripheral 
nervous system (Baker et al., 1993). An electrical current, delivered through electrode 
pads placed over a muscle, passes through the skin and stimulates the nerves, resulting in a 
contraction of the connecting muscles (Comereski, 1994).
Electrical stimulation is used to stimulate all the motor units in a muscle, producing 
a maximal muscle contraction, similar in magnitude to that o f a normal maximal voluntary 
contraction (Astrand & Rodahl, 1977). Therefore, where the function of the nervous 
system has been compromised, electrical stimulation would be involved in rehabilitation.
In fact, electrical stimulation has also been proven to be effective in increasing range of 
motion (Baker et al., 1993), the relief of pain (Currier & Mann, 1984), neuromuscular 
reeducation, and the rehabilitation of atrophied muscles (Eriksson & Haggmark, 1979). 
However, in healthy individuals, with muscles and nerves functioning normally, the use of 
electrical stimulation to increase strength has been questioned. The research concerning 
electrical stimulation and muscle strength shows no consensus as to whether electrical 
stimulation is complementary to, or more effective than voluntary contractions in strength- 
training individuals with no pathology.
As with any type of strength-training, training through electrical stimulation is 
action specific; the strength gains are only isometric. Therefore, in order for electrical 
stimulation to be effective as a strength-training technique, it may be necessary to apply 
electrical stimulation during dynamic muscle actions. Recent studies (Dudley, Harris,
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Duvoisin, Hather & Buchanan, 1990; Westing, Seger & Thorstensson, 1989) found that 
electrical stimulation markedly increased torque produced during eccentric actions. It 
would seem reasonable, therefore, that electrical stimulation could serve as a strength 
training technique.
Purpose of the Study
The present study was designed to compare the effects of three treatments on the 
strength gains of the triceps brachii muscle: 1) neuromuscular electrical stimulation 
(NMES); 2) traditional isotonic weight training; and 3) NMES combined with isotonic 
weight training.
Need for the Study
Performance-related fitness is becoming increasingly important to athletes due to 
the fact that it is a necessary component in the proper execution of sport skills. Athletes 
train specific body systems in ways that will hopefully give them the competitive edge 
needed to compete at a higher level of performance. As a result, sports psychologists, 
exercise physiologists, athletic trainers, coaches and athletes are constantly searching for 
better methods of training.
After the USSR’s domination of the 1972 Olympics, electrical stimulation was 
reported to have been used on the Soviet athletes. The benefits of their training were 
reflected in the number o f gold and silver medals won. Since then, numerous researchers 
have attempted to replicate the increases of strength and muscle size produced by the 
Soviets. Few studies to date, however, have investigated the effects of electrical
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stimulation, combined with resistance training, on the strength of the human triceps brachii 
muscle.
The triceps brachii muscle was chosen because it is the primary extensor of the 
elbow, assisted only by the anconeus, which is a relatively small muscle. Therefore, any 
change in strength will be the result of the treatment of one muscle.
Statement of Hypotheses
Null - NMES combined with resistance training does not elicit strength gains
equal to those achieved through voluntary isotonic exercise.
Alternate - NMES combined with resistance training elicits strength gains greater than
those achieved through voluntary isotonic exercise.
Limitations of the Study
1. Since this investigation was directed toward females ranging in age from 20 to 
35, the results may not apply to males, or to females under the age of 20 or over the age 
of 35.
2. The intensity o f the electrical stimulation did not exceed each participant’s 
tolerance for pain. As a result, there was a variance in the intensity of electrical 
stimulation experienced by each participant.
3. Due to the positioning of the participants, the results o f this study may have 
been limited by grip and forearm strength.
4. The results of this study are limited to the triceps brachii muscle.
5. This study is limited to the use of the Forte CB-450f.
t  Chattanooga Group, Inc., Chattanooga, TN
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Definition of Terms
The following are definitions of the terms used in this study:
Action Potential - “the change in electrical potential of nerve or muscle fiber when 
stimulated” (Thomas, 1993).
All-or-none law - “an excitable membrane either responds to a stimulus with a maximal 
action potential that spreads nondecrementally throughout the membrane, or it 
does not respond to the action potential at all” (Sherwood, 1989).
Ampere - “a unit of electrical current. The ampere (I) is defined as the amount of current 
flowing through a resistance of 1 ohm driven by 1 volt” (Baker et al., 1993).
Amplitude - “the measure o f magnitude o f current or voltage with reference to the zero 
current baseline. The term intensity is often used to describe amplitudes” (Baker 
et al., 1993).
Anode - “the positive pole of an electric circuit, or the stimulating electrode attached to 
the positive pole. Often inappropriately referred to in electrical stimulation guides 
as an indifferent electrode, ground electrode or reference electrode. None of these 
terms is technically correct or preferred” (Baker et al., 1993).
Atrophy, muscular - “a wasting; a decrease in size of an organ or tissue ... Atrophy of 
muscle tissue, especially due to lack o f use or denervation” (Thomas, 1993).
Autonomic nerves - “sympathetic and parasympathetic nerves; frequently refers to 
effector, but not sensory, nerve fibers from the viscera” (Baker et al., 1993).
Axon - “the fiber process of the neuron which conducts the action potential. The axon is 
the main communicating mechanism of the neuron, and is capable o f conducting 
information over long distances, either to and from the periphery or within the 
central nervous system The peripheral nerves are composed of sensory, motor 
and autonomic axons” (Baker et al., 1993).
Balanced asymmetric biphasic waveform - “an electrical pulse which deviates first in 
one direction from the zero current baseline and then deviates in the opposite 
direction from the baseline. While the two phases are unequal in their stimulus 
attributes (amplitude and duration), the charge of each phase is electrically equal” 
(Baker et al., 1993).
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Biphasic waveform - “an electrical pulse which deviates first in one direction from the 
zero current baseline and then deviates in the opposite direction from the baseline. 
A biphasic waveform may be symmetrical or asymmetrical about the zero current 
baseline” (Baker et al., 1993).
Cathode - “the negative pole of an electric circuit or the stimulating electrode attached to 
the negative pole. Often referred to in electrical stimulation guides as the active 
electrode. This is not the technically correct, or preferred usage” (Baker et al., 
1993).
Chronaxie (chronaxy) - “a time measure of the excitatory properties o f a tissue; the
minimum time necessary to maintain a stimulus of twice rheobase strength in order 
to activate excitable tissue” (Baker et al., 1993).
Concentric muscle action - “muscle contraction in which the extended muscle contracts 
and is shortened” (Thomas, 1993).
Contraction - “a brief mechanical response of a muscle following excitation, consisting of 
some combinations of increased force and/or decreased length of the muscle. 
Depending on the load, a contraction may even occur with an increasing length 
and increased force from the muscle activity, as when the muscle is acting 
eccentrically to slow an ongoing movement” (Baker et al., 1993).
Curare - “one of several different resinous substances obtained from extracts of South 
American trees including species of chondrodendron. The pharmacologically 
active ingredient of curare used medically is the alkaloid D-tubocurarine. This 
drug is used to facilitate skeletal muscle relaxation during anesthesia” (Thomas, 
1993).
Curarization - “a condition following introduction of a purified form of curare: eyelids 
heavy; nystagmus; husky voice; weak jaw and throat muscles; inability to raise 
head, arms and legs. Employed to lessen severity of convulsions produced by 
pentylenetetrazol and electric shock therapy and relaxation of the muscles as in 
tetanus” (Thomas, 1993).
C urrent - “the flow of electric charge. Current is produced by a difference in electrical 
potential, and is defined as the flow of charged particles moving past a specific 
point in an electrical circuit. In physiologic systems, current flow consists of 
movement of ions. Current flow is considered conventionally to be away from the 
anode, or positive terminal, and toward the cathode, or negative terminal” (Baker 
et al., 1993).
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Current density - “the electrical current flow per unit of cross sectional area. For nerve 
and receptor membranes, current density is usually expressed as //a/cm2 (micro 
amperes per square centimeter). For externally driven stimuli (e.g., TENS or 
NMES with surface electrodes), currents commonly are expressed in mA/cm2 
(milliamperes per square centimeter)” (Baker et al., 1993).
Cycle - “an interval in time in which one complete sequence of regularly repeating events 
occurs” (Baker et al., 1993).
Depolarization - “generally refers to a reduction of the voltage difference across the
membrane. However, depolarization also may be used to describe a reduction of 
potential of a polarized electrode caused by passing a reversed flow of current 
through it” (Baker et al., 1993).
Duty cycle - “in a periodically triggered stimulation device, the ratio between the time 
stimulus is ‘ON’ and the total cycle duration. Duty cycle is expressed as a 
percentage:
ON time
Duty cycle =   x 100
ON + OFF time
(Baker et al., 1993).
Electrical muscle stimulation (EMS) - “the use o f electrical stimulation to activate 
muscles directly, without activation of the peripheral nerve. Direct muscle 
stimulation requires pulse or phase durations of at least 1 ms, and more often uses 
even longer durations. . .  the stimulus parameters and program rationales are 
significantly different from all NMES applications” (Baker et al., 1993).
Electrode - “a medium used to apply or record electric current” (Baker et al., 1993).
Endurance - “the ability to sustain a specific exercise intensity” (Fahey, 1994).
Faradic stimulation (faradization) - “an old term referring to the current induced in an 
induction coil during the ‘make’ and ‘break’ of current to its primary coil. The 
resultant current flow is of low amplitude, long duration, and in one direction; it is 
followed by a sharp high amplitude spike in the opposite direction. The net current 
flow is zero. This is a specific type of balanced asymmetric biphasic waveform” 
(Baker et al., 1993).
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Frequency - “the number of pulses per second (p.p.s.) used to describe pulsed currents. 
The rate of oscillation or alternation in cycles per second of an alternating current, 
expressed in unit of hertz (Hz)” (Baker et al., 1993).
Galvanic stimulation - “an old term referring to an electrical stimulus with a continuous 
current of a very long duration (generally considered to be >300 ms), synonymous 
with direct current stimulation” (Baker et al., 1993).
Hertz (Hz) - “the international abbreviation representing cycles per second, avoiding 
contusion with c.p.s. = counts per second” (Baker et al., 1993).
Hypertrophy - “increase in size or bulk not resulting from an increase in number of cells 
or tissue elements, as in the hypertrophy of a muscle” (Thomas, 1993).
Isokinetic muscle contraction - “contraction with the speed of movement maintained 
constant” (Astrand & Rodahl, 1986).
Isometric muscle contraction - “contraction in which tension is developed, but there is 
no change in the length of the muscle (static muscle contraction)” (Astrand & 
Rodahl, 1986).
Isotonic - “referring to muscle action in which constant tension is maintained by the
muscle while the length of the muscle is increased or decreased” (Pate & Burgess, 
1993).
Membrane potential - “the voltage difference between the internal and external 
environment separated by a membrane” (Baker et al., 1993).
Micro (jj)  - “a prefix denoting one-millionth of a unit in the metric system. A 
microsecond is equivalent to 0.000001 second” (Baker et al., 1993).
Milli (m) - “a prefix denoting one-thousandth of a unit in the metric system. A millimeter 
is equivalent to 0.001 meter; a milliampere equals 0.001 ampere” (Baker et al., 
1993).
Motoneuron (motor nerve) - “an anterior hom cell of the spinal cord which directly 
innervates skeletal muscle fibers” (Baker et al., 1993).
Nerve - “anatomically, the action potential carrying nerve axon; the simplest unit of
independent conduction of electrical impulses either in the central nervous system 
or the peripheral system. Individual nerves (axons) are classified on the basis of 
decreasing conduction velocity as A, B, or C fibers. In addition, sensory nerve 
fibers may be classified in order of decreasing ease of excitation by brief stimuli as
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Group I, II, HI, or IV. Nerve is additionally the general term given to a collection 
of axons which travel together in a single bundle through the periphery.
A - the fastest conducting fibers; in humans, the velocity of these fibers is on
the order of 50-80 m/sec. The A fibers have been subdivided by 
conduction speed into a, 6, y and 6, in order of decreasing speed.
Aa - includes Group I sensory fibers, large motor nerve fibers and some muscle 
spindle afferent nerves.
A6 - includes part of the Group II fibers carrying information about cutaneous 
touch and pressure; also some muscle spindle afferents.
Ay - includes part of the Group II fibers with some somatic afferent function as 
well as a large group of fiisimotor fibers and lung and circulatory afferents.
A6 - includes part of the Group in fibers with pain, heat and cold afferents.
B - autonomic system fibers (efferents only).
C - includes Group IV fibers, afferents from free nerve endings, and some
autonomic fibers” (Baker et al., 1993).
Neuromuscular electrical stimulation (NMES) - “the use o f electrical stimulation of the 
peripheral nervous system to contract the muscle, either through direct activation 
of the motoneurons in the mixed peripheral nerve, or indirectly through a reflex 
recruitment” (Baker et al., 1993).
Ohm - “unit of electrical resistance, equivalent to the resistance o f a conductor in which a 
current of one ampere is produced by an electromotive force of one volt” (Baker 
et al., 1993).
Ohm’s law - ‘law of physics which states that the strength of an electric current in a DC 
circuit is directly proportional to the applied electromotive force and inversely 
proportional to the resistance of the circuit. When I = current, V = electromotive 
force, and R = resistance, I = V/R” (Baker et al., 1993).
Power - “the rate at which work is being done; the product o f force multiplied by velocity, 
or in electrical terms, the voltage times the current flow between two points 
(P = VI). The unit of electric power is the watt” (Baker et al., 1993).
10
Pulse - “an electrical signal of short duration (ms or /is) described in terms o f its
amplitude, duration, frequency, rise time, decay, and shape. An electrical pulse is 
an isolated event separated by a finite time from the next event (pulse)” (Baker et 
al., 1993).
Ramp modulations - “sequential increases or decreases in intensity at the beginning or 
end of a stimulus train. Ramp modulation may be achieved by changing either 
phase durations or amplitudes. Ramp modulations are measured in time (seconds) 
and also have been called ramp time or surge time” (Baker et al., 1993).
Repolarization - “the recovery process of a membrane after depolarization involving a 
change of membrane permeability to its resting level and a restoration o f the 
original potential difference across the membrane” (Baker et al., 1993).
Rheobase - “the minimum intensity of electrical stimulus which will elicit a response in a 
particular tissue when it is applied for a very long time (>300)” (Baker et al.,
1993).
Sinusoidal current - “a common type of alternating current (AC); a current whose
general wave shape can be graphed by the equation y = sin x” (Baker et al., 1993).
Square waveform - “a type of electrical stimulus which consists of an applied voltage (or 
current) which is made to change abruptly from one level to another; after a 
prescribed period at this second constant level, an abrupt reverse transition is 
affected” (Baker et al., 1993).
Strength - “the ability to exert force” (Fahey, 1994).
Tetanic stimulation - “repetitive stimulation to a nerve or a muscle delivered at a rate 
sufficient to produce a fused contraction in the muscle” (Baker et al., 1993).
Transcutaneous electrical nerve stimulation (TENS) - “a generic term strictly meaning 
any electrical stimulation which is forced through the skin (e.g., surface 
stimulation) with adequate intensity to activate nerves. In a more conventional 
usage, it refers specifically to the use of electrical stimulation for the relief or 
management o f pain” (Baker et al., 1993).
Unbalanced asymmetrical biphasic waveform - “an electrical pulse which deviates first 
in one direction from the zero current baseline and then deviates in the opposite 
direction from the baseline. One or more of the waveform attributes (amplitude 
and duration) are unequal, and the charge is electrically unequal for each phase” 
(Baker et al., 1993).
Volt - “a unit of electrical potential and electromotive force; equal to the electrical 
pressure needed to make a current of 1 ampere pass through a resistance of 1 
ohm” (Baker et al., 1993).
Waveform - “the shape of the visual representation of current or voltage on a 
current/time or voltage/time plot” (Baker et al., 1993).
CHAPTER 2
LITERATURE REVIEW
Strength Training
Isometric, isotonic and isokinetic exercises strengthen a given muscle group by 
subjecting it to a physical stress or overload to which it can eventually adapt. The 
overload principle is the basis of strength development. Strength-training through the 
overload principle is accomplished by periodically increasing the resistance used to stress a 
particular muscle group (Powers & Howley, 1994). Without an overload, there will not 
he an improvement in strength.
Each of these types of exercise involves a voluntary activation of the muscle.
It is well known that when a muscle contracts and the force is progressively increased, the 
motor units of the muscle are activated in an orderly manner (Denny-Brown, 1949; Enoka, 
1988). According to the concept of orderly recruitment, motor units are recruited 
according to their size and threshold potential. The sequence progresses from a small, low 
threshold to a large, high threshold motor unit (Enoka, 1988). Four types of motor units 
or fibers have been identified: slow contracting; fast contracting with fatigue resistance; 
fast contracting with intermediate fatigability; fast contracting with fatigability (Enoka, 
1988). Small motoneurons innervate the motor units comprised of slow twitch muscle
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fibers, whereas, the motor units innervated by the larger motoneurons contain fast muscle 
fibers. This arrangement ensures that the smaller, fatigue-resistant motor units are 
recruited during sustained, low intensity exercise (Dudley & Harris, 1992).
It is not possible, however, to activate only a particular type of fiber; rather, there 
is an overlap in recruitment during the voluntary activation of a muscle. This overlap 
allows the activation of the fast contracting and fatigue-resistant fibers along with the slow 
twitch muscle fibers during low forces (Enoka, 1988).
When a muscle is artificially activated, as with electrical stimulation, there is a 
reversal in the phenomenon known as orderly recruitment. In 1983, Hultman et al. 
demonstrated that electrical stimulation on the thigh muscles of curarized patients failed to 
elicit a contraction. The contraction was absent even when the voltage was in excess of 
that needed to activate the muscle of a noncurarized patient (Dudley & Harris, 1992). 
Therefore, electrically stimulating a muscle with an intact peripheral nervous system 
results in the excitation of the more excitable intramuscular nerve branches and does not 
directly activate the muscle (Dudley & Harris, 1992; Enoka, 1988).
During normal recruitment patterns, the motor units (MUs) are recruited in a 
progressive sequence. The smaller MUs are activated first, then the larger MUs are 
recruited with increasing voluntary strength (Cabric, Appell & Resic, 1988). Similar to a 
normal, nerve innervated contraction, a muscle activated through electrical stimulation 
does not bypass the peripheral nervous system, if intact. The MUs, however, do not 
follow a normal recruitment pattern. When electrodes are placed over a muscle, the nerve 
branches of the muscle are activated. An action potential is propagated along the axon,
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across the neuromuscular junctions, and along the muscle fibers, causing the muscle to 
contract (Enoka, 1988). When the current crosses the muscle fibers, the larger MUs 
(supplying type II fibers) are recruited first and to the greatest extent (Cabric, Appell & 
Resic, 1988), which is the reversal of normal recruitment patterns. This occurs because 
the larger motoneurons offer less resistance and, therefore, are more easily activated at a 
lower stimulation level.
In each training technique, the muscle adapts specifically to the stress of that 
activity. A practiced activity is directly related to the effectiveness of a strength-training 
program. The activation pattern o f the muscle and the central nervous system (CNS) is 
not the same in a joint at a 90° angle as it is in a 45° or 135° position (Astrand & Rodahl, 
1986). Isometric training does not increase strength throughout the range of motion; 
rather, strength gains achieved are isometric gains at or near the joint angle where the 
training took place (Fahey, 1994). Isotonic training increases isotonic strength (Fahey,
1994). Therefore, the specificity of training should reflect the desired adaptation.
Skeletal muscle is capable of adapting both anatomically and physiologically to an 
increase in functional demands. It has been known for some time that when adult muscle 
works at intensities exceeding 60-70% of its maximum force generating capacity, there is 
an increase in muscle cross-sectional area and strength (MacDougall, 1992). The increase 
in cross-sectional area, known as hypertrophy, is attributed to an increase in the size o f all 
fiber types. Muscle hypertrophy and strength gains are accompanied by an increase in 
myofibrillar protein (actin and myosin) and, as a result, an increase in the amount of 
contractile filaments per muscle fiber (Astrand & Rodahl, 1986).
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Anatomy and Physiology
Skeletal Muscle Fibers
A striated skeletal muscle is an elongated cylindrical cell that may reach 30 cm 
(12 in) in length (Van De Graaff 1988) and have a diameter ranging from 50 to 200 fj.m 
(Robinson & Synder-Mackler, 1995). On the interior of each muscle cell are as many as 
several thousand threadlike specialized proteins called myofibrils. These structures extend 
throughout the entire length of the muscle fiber and are about 1 to 2 (im in diameter 
(Robinson & Synder-Mackler, 1995). Each myofibril contains even smaller strands of 
contractile protein called myofilaments. The thin myofilaments are 50 to 60 A 
(1A = 10'10 m) in diameter and contain the protein actin. Thick myofilaments are 
approximately 110 A in diameter and contain the protein myosin (Van De Graaflf 1988).
The myofilaments give the myofibril a banded or “striated” appearance, which 
extends over its entire length. This repeating unit of dark and light areas is known as a 
sarcomere (see figure 1). Each sarcomere is separated by Z lines. Located in the center of 
each sarcomere is the thick myofilament, and extending from the Z lines toward the center 
of each sarcomere is the thin myofilament. The dark bands, which are produced by the 
thick myosin myofilaments and the overlapping thin actin myofilaments, are called the A 
bands. The light bands, or I bands are made up of only the thin myofilaments (see figure 
1) (Robinson & Synder-Mackler, 1995). Since there is some overlapping o f the thick and 
thin myofilaments on the edges of each A band, the edges are slightly darker than the 
center of the A band. This lighter central region contains only thick myofilament and is
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called the H zone (see figure 1) (Van De Graaff 1988). This repeating pattern from Z line 
to Z line serves as the basic subunit of skeletal muscle contraction (Van De Graaf£ 1988).
Portion 
of myoffcrl
The* Samont Thnfitament
Figure 1 - Structure of a myofibril1
A muscle decreases in length when it is stimulated to contract due to the 
shortening o f its individual fibers. The shortening o f the muscle fibers is produced by a 
shortening of the distance from Z line to Z line in the myofibrils. Even though the length 
o f the sarcomere decreases, the length of the thin actin and thick myosin myofilaments do 
not change. Instead they slide over each other (see figure 2). The A bands maintain their 
original size, but appear closer together. The I bands and the central H zones, however, 
decrease in length (Van De Graaff 1988).
1 Figure from Human Physiology by L. Sherwood, p.218. Copyright 1989 by West Publishing Company.
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Figure 2 - Relaxation and contraction of a sarcomere2
The myosin molecule of the thick myofilament is a contractile protein structure 
with a globular head and a long, thin tail (Robinson & Synder-Mackler, 1995). 
Approximately 200 individual myosin molecules make up each thick myofilament. The tail 
ends of each myosin myofilament (composed of light meromyosin) are intertwined around 
each other and their heads (composed o f heavy meromyosin) project out at one end 
toward the thin actin myofilaments (Astrand & Rodahl, 1986). These heads create the 
cross-bridges between the thick and thin myofilaments (Sherwood, 1989).
The thin myofilaments are composed of the three other major proteins involved in 
muscular contraction - actin, tropomyosin and troponin. Actin’s form is a double helix 
with two chains of globular subunits wrapped around each other (Astrand & Rodahl,
1986). Each actin molecule has the potential to interact with a myosin cross-bridge 
through a special binding site located on each actin molecule (Sherwood, 1989).
2 Figure from Human Physiology by L. Sherwood, 1989, p. 223. Copyright 1989 by West Publishing 
Company.
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Tropomyosin and troponin are the regulatory proteins that create and break all 
contact between thick and thin myofilaments dining contraction (Sherwood, 1989). 
Tropomyosin is a long threadlike protein which lies end to end along the length of the two 
grooves in the actin myofilament. Through this position, tropomyosin is able to interfere 
with the binding of the actin and myosin molecules at the cross-bridges by covering the 
binding sites on the actin (Sherwood, 1989). The protein troponin stabilizes the blocking 
position of each tropomyosin molecule. Troponin is made up of three polypeptide units: 
one unit binds to tropomyosin, one unit binds to actin, and one unit has a Calcium binding 
site (Sherwood, 1989).
Membrane Structure
Muscle and nerve cell membranes have a function that differentiates them from any 
other body tissue. Their proteins are able to (a) serve as binding sites for 
neurotransmitters (receptor proteins), (b) allow the movement of ions through the 
membrane by forming a pore (channel proteins), and (c) hind and transport ions through 
the membrane (transport proteins) (Robinson & Synder-Mackler, 1995). As a result, 
these cells are able to produce electrical signals capable o f altering their membrane 
potential (Sherwood, 1989).
In the resting state, the excitable cell membrane acts as a barrier to movement 
between the intracellular and extracellular spaces. Although oxygen, carbon dioxide and 
water are allowed to move freely through the cell membrane, the movement of ions is 
somewhat restricted (Robinson & Synder-Mackler, 1995). The membrane is easily 
permeated by potassium ions, but it is only slightly permeable to sodium ions. There are
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anions, or negatively charged proteins and phosphates trapped in the intracellular space by 
the impermeable membrane. These anions, which pull the positively charged potassium 
ions into the cell through electromotive forces, only slightly offset the effects of the high 
intracellular potassium which follows its concentration gradient out of the cell (chemical 
forces), creating a negative resting membrane potential (Robinson & Synder-Mackler, 
1995).
The intracellular and extracellular ion concentrations are maintained through 
membrane permeability and the sodium-potassium pump (Robinson & Synder-Mackler, 
1995). The sodium-potassium pump moves potassium ions into the cell while moving 
sodium ions out of the cell in a ratio of 2:3. This ability is maintained even during resting 
state, when electrochemical forces tend to oppose movement (Robinson & Synder- 
Mackler, 1995).
Action Potential of Muscle
When appropriately stimulated, the membrane increases its permeability to sodium. 
The normal resting muscle membrane potential of -90 mV is reduced, with potential 
approaching 0 mV (Robinson & Synder-Mackler, 1995). This process is known as 
depolarization. The reduction in membrane potential begins gradually, with some of the 
voltage-gated sodium channels opening. There is both a chemical and an electrical force 
pulling sodium into the cell. The sodium carries its positive charge with it, allowing for 
further depolarization of the membrane. As a result, additional voltage-gated channels 
open and more sodium enters the cell (Sherwood, 1989).
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At threshold potential, the membrane increases its permeability to sodium six 
hundred times that of potassium (Sherwood, 1989). Sodium rushes into the cell, causing 
the inside of the cell to be more positive than the outside. The sodium channels close and 
the influx of sodium stops when membrane potential reaches approximately +35 mV 
(Robinson & Synder-Mackler, 1995). Once again, the membrane is relatively 
impermeable to sodium (Robinson & Synder-Mackler, 1995).
When the sodium channels are inactivated, the permeability of potassium increases 
and the potassium channels approach an open position. There are both electrical and 
chemical forces drawing the potassium ions out of the cell. Once the channels have 
opened completely, there is a rapid outward movement of potassium (Robinson & Synder- 
Mackler, 1995). The efflux of potassium restores the negative membrane potential. The 
process is called repolarization.
The potassium channels begin to close. Sodium is now in the cell and potassium 
has left the cell. At this point, the sodium-potassium pump quickly restores the membrane 
to its original resting state (Sherwood, 1989).
Skeletal Muscle Contraction
Once a nerve potential reaches a motor nerve terminal, acetylcholine is released. 
Acetylcholine difiuses across the neuromuscular junction and binds with specialized 
receptor proteins in the motor end plate. The binding of acetylcholine causes the 
membrane’s sodium messenger-gated channels to open, increasing the permeability of 
sodium ions (Sherwood, 1989). There are electrical and chemical forces pulling the 
sodium ions into the cell, and a muscle action potential results.
21
As the muscle action potential passes over the membrane, it discovers dips in the 
muscle fiber known as transverse tubules (t-tubules). T-tubules are perpendicular to the 
surface of the muscle-cell membrane and travel toward the central portion of the cell. 
Propagation of an action potential down a t-tubule triggers a massive release of calcium 
from the sarcoplasmic reticulum into the sarcoplasm and then into the region of the 
myofibers (Robinson & Synder-Mackler, 1995).
The regulatory protein troponin, located on the thin myofilaments, has a high 
affinity for calcium. The binding of calcium with troponin results in a structural change in 
troponin. As the shape of troponin alters, it pulls on the protein tropomyosin and causes it 
to alter its position on the thin myofilament. Tropomyosin, which normally covers the 
binding sites on the thin myofilament, is drawn away from the binding sites, allowing the 
actin molecules and myosin heads to form cross-bridges. The binding results in a rapid 
change in the myosin molecules (Robinson & Synder-Mackler, 1995), which creates the 
power stroke that pulls the thin myofilaments toward the center of the sarcomere 
(Sherwood, 1989).
The myosin cross-bridge has two binding sites, one for the actin molecule and one 
for adenosine triphosphate (ATP). ATP is the energy source for the contraction of the 
sarcomere (Sherwood, 1989). ATP is hydrolyzed into adenosine diphosphate (ADP) and 
inorganic phosphate by the myosin head before the cross-bridge with the actin molecule 
occurs. The ADP and inorganic phosphate are released from myosin once there is contact 
with an actin molecule. The interaction between actin and myosin continues until a fresh 
ATP attaches to the myosin molecule and allows the detachment of the cross-bridge at the
22
end of the power stroke. One ATP is required to break each cross-bridge (Sherwood, 
1989).
Contraction will continue only as long as there are sufficient amounts of ATP for 
fuel and the actin molecule binding sites remain unblocked. Once the concentration of free 
calcium decreases, troponin will return to its original shape, allowing tropomyosin to slide 
back into its original position. Once again, tropomyosin blocks all of the actin-binding 
sites and an interaction between the thick and thin myofilaments is impossible; therefore, 
no contraction will result.
Structure of Peripheral Nerves
The nervous system is divided into the central nervous system (CNS), which 
consists of the brain and the spinal cord, and the peripheral nervous system (PNS), which 
consists of the nerve fibers that convey impulses between the CNS and the periphery 
(Sherwood, 1989). The basic structural and functional units of the nervous system are 
neurons, consisting of a cell body, an axon and dendrites (Van De Graaf£ 1988). An axon 
and its myelin sheath are often referred to as a nerve fiber (Van De Graaf£ 1988). There 
are three general types of nerve fibers contained in most peripheral nerves; they are 
identified as groups A, B and C (Baker et aL, 1993).
There is a difference in the size and structure of the fiber types. As a rule, the 
larger the diameter of the fiber, the greater the velocity of the action potential conduction. 
The larger diameter allows for a lower threshold of excitability with a shorter duration of 
excitability response and a shorter refractory period (Baker et aL, 1993). Myelination also 
increases velocity. Both A and B fibers are myelinated, while C fibers contain little myelin
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(Baker et al., 1993). The largest of the fibers are the A fibers (2 - 20// in diameter). Their 
function is both motor and sensory, and they may be further distinguished into alpha, beta, 
gamma and delta fibers, based on their conduction velocity (Baker et al., 1993). The 
diameter of the B fibers is smaller (1 - 3//) and their function is autonomic (Baker et al., 
1993). The C fibers are even smaller in diameter (less than 1//). They are located in 
cutaneous and visceral nerves where they are autonomic in function and are involved with 
pain information and reflex responses (Baker et al., 1993).
Nerve fibers are round or flattened cords (Gray, 1974) that conduct action 
potentials from the body cell to other cells (Sherwood, 1989). Larger nerve fibers are 
surrounded by a myelin sheath composed of Schwann cells. The continuity of the myelin 
sheath is interrupted almost every millimeter, leaving an area of the nerve fiber exposed. 
The areas of exposed nerve are known as the nodes of Ranvier (Van De Graaff 1988). At 
the nodal areas, there is a concentration o f sodium channels, allowing membrane potential 
to exist (Sherwood, 1989). Membrane potential does not exist in the areas surrounded by 
a myelin sheath due to relatively few voltage-gated channel proteins. Therefore, an action 
potential moves from node to node as a result of the phenomenon known as saltatory 
conduction (Robinson & Snyder-Mackler, 1995), derived from the Latin verb saltare, 
meaning “to leap” (Robinson & Snyder-Mackler, 1995).
Action Potential of Nerve Fibers
A nerve action potential is the means by which the nervous system transmits 
information. Similar to muscle cells, nerve cells are ‘excitable,’ meaning they are capable 
of generating electrochemical impulses at their membranes and transmitting these impulses
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along the membranes (Guyton, 1991). The normal resting membrane potential for 
peripheral nerve fibers is -75 mV (Robinson & Synder-Mackler, 1995). When a triggering 
event occurs, the nerve cell membrane follows a process fundamentally identical to that of 
a muscle cell membrane. The triggering stimulus reduces membrane potential and initiates 
the action potential. Some of the voltage-gated sodium channels open and sodium begins 
to move into the cell. The inside of the cell becomes more electrically positive. Once an 
equilibrium for sodium potential is reached, the sodium channels close and potassium 
channels begin to open. At the point of potassium equilibrium, the potassium gates close 
and passive diffusion of the ions across the membrane reestablishes resting potential 
(Robinson & Synder-Mackler, 1995).
Once an action potential is triggered at one of the nodes, the potential of the 
adjacent nodes is reduced and an action potential results. As a result, the impulse appears 
to skip the myelinated segments of a nerve fiber and ‘jump’ from one node to another 
(Sherwood, 1989).
The triggering event of the action potential is referred to as an adequate stimulus 
(Baker et al., 1993). In order to be effective, the stimulus must reach a sufficient intensity 
and it must be applied long enough to exceed the tissue’s threshold of excitation (Baker et 
al., 1993).
History of Electrical Stimulation
The use of electrical current as a method to treat disease dates back to antiquity. 
Accounts as early as 400 B.C. described the use of torpedo fish, which are capable of 
producing electric shocks as great as 100-150 volts, as a therapeutic agent (Baker et al.,
1993). When placed on the head, the live black torpedo was reported to relieve a 
headache, and placing a torpedo under the feet would cure the pain of arthritis (Licht, 
1971). Asthma was effectively treated through a diet including boiled torpedo (McNeal, 
1977).
Ancient Greeks discovered that electricity could be created by rubbing amber. In 
fact, elektron, which is the Greek name for amber, was used to describe amber’s shock 
producing effect (Geddes, 1984). Given as a pill, amber was used to treat inflammation, 
hemorrhage and nausea (Cambridge, 1977; Baker et al., 1993). Around 400 B.C., static 
electricity was discovered by Thales, when he rubbed amber and created the amber effect 
(Geddes, 1984).
The invention of the Leyden jar in 1745 (Baker et al., 1993) created new 
possibilities for the application o f electrical current as a therapeutic agent. It was able to 
store quantities o f electricity, thereby making extended treatments possible. The charged 
Leyden jar was reported to “successfully” treat such disorders as kidney stones, sciatica, 
epilepsy, paralysis and angina pectoris (McNeal, 1977; Baker et al., 1993).
Despite the extensive claims of the therapeutic value of electrical current, reports 
linking muscle contraction to electrical stimulation did not appear until around 1791 
(Baker et al., 1993). At that time, Luigi Galvani observed that an application of a 
bimetallic couple to the nerve of a frog muscle produced a muscular contraction (Geddes, 
1984). He attributed the contraction to an “animal electricity” created by the nervous 
tissue and stored in the muscles. The metal merely provided a means for this electricity to 
discharge (McNeal, 1977; Licht, 1971). Alessandro Volta, however, opposed Galvani’s
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views on animal electricity, stating that the resulting muscular contractions were not 
autogenic but were due to intrinsically produced electricity where the metals joined. The 
controversy ended several years later when Volta created the first dependable sources of 
continuous electric current: the crown of cups, which was a group of cells connected in a 
series, and voltaic pile, where the cells were stacked vertically (Geddes, 1984). Each cell 
consisted of alternating silver coins and zinc discs (Cambridge, 1977), and both batteries 
produced a substantial, steady output, which was named a galvanic current (Baker et al., 
1993; McNeal, 1977). Through his voltaic pile, Volta noted that “ . .  . a contraction takes 
place only at the first flow of electricity, and sometimes also at the breaking of the circuit” 
(Licht, 1971).
Galvani’s nephew, Aldini, popularized the stimulating effect of the galvanic current 
in 1819 with his human cadaver studies. Using a voltaic battery, he applied electrodes to 
various parts o f a recently hanged criminal. Such strong contractions were evoked that 
they gave the appearance of reanimation (Geddes, 1984).
Earlier, in 1801, the physiologist Ritter performed an experiment leading to the 
discovery of the physiological effects of the galvanic current. He observed that when a 
direct current was passed from one hand to the other, the muscles of the hand near the 
negative electrode partially contracted. The muscles of the hand near the positive 
electrode, however, were easily moved (Geddes, 1984). Pflunger expounded upon 
Ritter’s experiment in 1859 by demonstrating that when a direct current travels through a 
nerve, the area under the negative electrode shows an increased level of excitability. The 
region near the positive electrode, however, has a decreased level of excitability. These
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two physiological effects were noted as the phenomena o f catelectrotonus and 
anelectrotonus (Geddes, 1984).
Galen divided nerves into sensory and motor (Licht, 1971). However, it was not 
until 1822, when Magendie made a final distinction between sensory and motor nerves, 
that experimentation with electropuncture (galvanopuncture) occurred (Baker et al.,
1993). The goal was to achieve a muscle contraction by passing a direct current through a 
needle electrode which was inserted into the affected muscles and nerves (Geddes, 1984; 
Baker et al., 1993), much like the ancient Japanese practice of acupuncture. 
Electropuncture was used to remove skin blemishes (Geddes, 1984). It was also used 
effectively to remove malignant tumors of the breast (Geddes, 1984; Beard et al., 1981), 
to promote the union of bone fractures, and to destroy tissue and promote clot formation 
in the treatment of aneurysms (Geddes, 1984). The overall lack of therapeutic benefits 
and the pain associated with its use ultimately led to the method’s decline (Licht, 1971). 
Electropuncture, however, is still used to promote bone-fracture union (Geddes, 1984).
In 1833, Duchenne de Boulogne discovered that he could electrically stimulate 
muscles through cloth-covered electrodes (Licht, 1971). He employed Michael Faraday’s 
1831 discovery of the electromagnetic machine, which was based on the concept that a 
change in magnetic field could induce a voltage in a wire or coil (Geddes, 1984).
Duchenne called the series of short-duration current pulses, induced by a metal wire 
rotated in a magnetic field, faradism (McNeal, 1977). Faradic current differs from the 
static discharges from the Leyden jar and direct current in that it produces a train of short
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duration pulses that result in a tetanic contraction in skeletal muscle. Static discharge and 
direct current only produce a twitch (Geddes, 1984).
Early general faradization involved having the patient sit, with little clothing, on a 
stool without a back or armrest. The bare feet were placed upon a sheet of copper 
connected to one pole of the generator. The other electrode was either a wet sponge or 
the therapist’s hand, which was placed on the appropriate area of the patient’s body 
(Geddes, 1984; Cambridge, 1977). General faradization was used to treat such afflictions 
as dyspepsia, hypochondriasis, nervous exhaustion, paralysis, temporary constipation and 
insomnia (Geddes, 1984).
Once Duchenne introduced surface electrodes, localized faradization increased in 
popularity. There was a preoccupation with stimulating motor nerves, and in 1864, 
Ziemssen created the first chart diagraming the sites on the body surface where motor 
nerves are most easily excited (Geddes, 1984), which are now called “motor points.”
Using these motor points, local faradization was used to treat paralysis and neuralgia, and 
was sometimes used to treat sprains, effusions and local injuries (Geddes, 1984).
By 1840, the use of electrical current was being recommended as a diagnostic tool. 
Several investigations noted that paralyzed muscle responded to galvanic current but not 
to faradic current (Baker et al., 1993). It was Neumann, however, that was able to explain 
the phenomenon. Neumann observed that if a continuous current was rapidly interrupted, 
the stimulated muscle did not contract if the interruption exceeded a certain rate and there 
was no effect on the paralyzed muscle (Licht, 1971). As a result, he concluded that the 
duration of the current was a critical factor in eliciting a contraction (Baker et al., 1993).
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In 1909, Louis Lapicque confirmed the importance of both time and intensity in 
creating an adequate stimulus. Using a capacitor-discharge stimulator, Lapicque 
determined the m inimum amount of current required to excite a wide variety of tissues.
As a result of his studies, he developed the expression known as I  -  a/t + b, where /  is the 
current, t is the duration and b is the threshold of excitation, which he called rheobase. 
Constant a being determined by the type of tissue (Geddes, 1984). He termed the minimal 
duration of current necessary to excite the tissue to double rheobase the chronaxie.
The current-duration curves for different excitable tissues of laboratory animals 
were graphed by Engelmann in 1870. However, it was not until 1916 that strength- 
duration curves for healthy and diseased human muscle were graphed (Licht, 1971). It 
was then noted that there is a significant shift in the curves of muscle with nerve 
degeneration, and there are notable characteristic changes in muscle undergoing neural 
degeneration (Reswick, 1973).
The latter half of the nineteenth century became known as the “Golden Age of 
Medical Electricity.” There was an increased understanding of electrical stimulation, and 
most physicians in America possessed an electrical stimulator (McNeal, 1977). Many 
notable improvements in electrodiagnostic techniques followed, and, in 1907, Piper 
pioneered the development of electromyography (Baker et al., 1993). In 1929, the coaxial 
needle electrode was developed, making it possible to detect the potential o f a single 
muscle fiber (Baker et a l, 1993). The relationship between electrical potential and force 
of contraction in a muscle was recognized in 1950 (Licht, 1971).
30
Interest in electrotherapy increased during World War II due to the large number 
of peripheral nerve injuries (Baker et al., 1993). Bawen’s constant current impulse 
generator made the determination of strength-duration curves and chronaxie values less 
difficult and less time consuming (Licht, 1971). As a result, the use of electrical current 
for stimulation and diagnosis of peripherally denervated muscle became a common 
practice.
In addition to the electrodiagnostic procedures, electrical stimulation was found to 
be useful in cardiac pacemakers. In 1952, Paul Zoll demonstrated that the electric 
currents of an artificial pacemaker could stimulate a human heart beat for a limited amount 
of time. Furman and Schwedel were able to accomplish longer term cardiac maintenance 
in 1958. Their patient was paced without complications for 96 days (Baker et al., 1993).
Contemporary uses of electrical stimulation range from treatment of chronic pain 
to overcoming paralysis. Electrical stimulation is used to maintain metabolic activity and 
prevent atrophy of peripherally denervated muscles. In patients with central nervous 
system disorders, it has been used to create and control upper extremity muscle control 
(Baker et al., 1993). According to Benton et al. (1980), electrical stimulation is also 
incorporated in therapeutic programs of innervated muscles, in order to: (1) maintain or 
increase the range of motion; (2) increase muscle strength; (3) facilitate motor function;
(4) inhibit muscle spasms; and (5) substitute for traditional orthoses (Ross, 1982). 
Fundamentals of Electricity
Charge is the basis of electromagnetic force (Robinson & Synder-Mackler, 1995). 
There are two types of charge, a positive charge and a negative charge, which are carried
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by the electrons and protons of an atom. Electrons possess a negative charge and protons 
cany a positive charge. Charges that are opposite are attracted to one another, while 
charges that are the same repel each other. The cathode (negative pole) of a battery is 
negatively charged due to a surplus of electrons, while the anode (positive pole) has a 
deficit o f electrons (Robinson & Synder-Mackler, 1995). The force created by these 
electrical charges is expressed by Coulomb’s law:
F - Coulomb force between two stationary charges 
F a  (ql ’ q2)/r2 ql - stationary charge
q2 - stationary charge
r2 - square of the distance between the two charges
Coulomb’s law states “ . . .  that the larger the respective charges or the closer the two 
charges, the larger will be the attractive (or repulsive) force between them” (Robinson & 
Synder-Mackler, 1995).
The driving force of charged particles is voltage. Often referred to as the 
electromotive force, voltage is the potential difference which results in the movement of 
charged particles within an electrical field (Baker et al., 1993). Voltages occur when 
substances with opposite charges are separated, when substances with a similar charge are 
near one another, or when charged particles are not evenly distributed (Robinson & 
Synder-Mackler, 1995).
When subjected to voltage, charged particles move. In order for free movement to 
occur, the substance in which the particle is located must be a conductor. The atoms of 
conductors allow the displacement of the electrons from their outer orbital shell (Robinson 
& Synder-Mackler, 1995). H uman tissues, such as muscle and nerve, are good
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conductors. Fat and skin, however, are poor conductors and are referred to as insulators 
(Robinson & Synder-Mackler, 1995).
The movement of charged particles within a conductor results from a difference in 
electrical potential and is called a current (Baker et al., 1993). This difference allows a 
conduction of an electrical charge from one point to another (Robinson & Synder- 
Mackler, 1995). In order for an electrical current to occur, there must be charged 
particles, which are free to move, and a driving force to cause the movement (Robinson & 
Synder-Mackler, 1995). An ampere is the unit o f measurement for current.
The capacity of a charge to flow is determined by the voltage, or driving force and 
how easily the electrons are able to move through the conductor (Robinson & Synder- 
Mackler, 1995). Conductance describes the ease with which a conductor is able to 
conduct charged particles. Resistance, on the other hand, causes opposition to the 
movement of charged particles (Baker et al., 1993). The standard unit of electrical 
resistance is the ohm (Q), and the relationship between voltage and resistance is expressed 
through Ohm’s law:
I - current
I = V/R Or V = I X R R - resistance
V - voltage or driving force
Ohm’s law states “ . . . that the current induced in a conductor increases as the applied 
driving force (V) is increased or as the opposition to charge movement (R) is decreased” 
(Robinson & Synder-Mackler, 1995).
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Electrical Stimulation
The electrical current of an electrical muscle stimulator involves a minimum of two 
electrodes between the stimulator and the tissue. A current of electrons is driven from the 
external stimulator to the electrodes and the surface of the tissue. Once the electrons pass 
through the tissue, the current is converted into a current o f ions moving within the tissue. 
The movement within the tissue is a result of the relationship between the intercellular 
fluids, sodium and potassium, and the electrodes. The positive electrode, termed the 
anode, repels positively charged ions while simultaneously attracting negative ions. The 
negatively charged cathode attracts positive ions and repels negative ions. A current of 
ions is created as the positive ions flow from the anode to the cathode and the negative 
ions travel in the opposite direction (Baker et al., 1993).
Although the ions beneath both electrodes are capable of charging the excitable 
membrane, excitation occurs mainly at the cathode. The positive potential of the anode 
causes the outside of the membrane to become positively charged, increasing the potential 
difference between the inside and outside of the membrane and resulting in 
hyperpolarization. The membrane voltage potential of the cathode, however, is lowered, 
allowing it to move toward the threshold for excitation. If an action potential occurs, the 
tissue is depolarized and a contraction is generated (Baker et al., 1993).
There are a number of factors in determining if a stimulating current is adequate 
for excitation. They include electrode/tissue impedance; the size and the orientation of 
electrodes; and the electrical stimulation parameters of pulse, amplitude and duration 
(Baker et al., 1993).
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The tissues of the human body consist of varying levels of electrical impedance.
The degree of resistance is approximately equal to the tissue’s water content. While 
adipose, epidermis and bone have high electrical impedance, muscle has a high water 
content, which allows for better conductivity. The conductivity of muscle can be 
increased further when the current is traveling in the longitudinal direction of the muscle 
fibers (Baker et al., 1993).
Once applied, electrical currents take the pathway of least resistance. As a result, 
the majority of the stimulated currents follow the lower impedance pathway of the 
extracellular fluid. Since larger axons have lower current thresholds and are more easily 
excited, the remaining fraction of stimulating current tends to enter and leave the larger 
axons (Kandel et al., 1991; Baker et al., 1993).
Electrodes also play an important role in the amount of current available for 
activation. Current density is the amount of charged ions moving through each unit area 
of tissue. Therefore, it is the current density that determines if the recruitment of nerve 
fibers will result in an adequate stimulation. Maximal current density usually occurs 
between the tissue and the electrode and decreases as the distance from the electrode 
becomes greater (Baker et al., 1993).
When determining the placement of electrodes, the depth of the target tissue 
should be considered. Placing the electrodes close together allows the current to travel 
through the surface tissue, while placing them farther apart permits the stimulation of 
deeper tissue (Baker et al., 1993).
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Electrode size plays a role in determining current density. If the stimulator sends a 
constant current, the total current will not vary even when the size of the electrode is 
varied. As a result, current density can be increased through decreasing the size of the 
electrode. This allows a smaller area to receive a more concentrated total current and 
there will be a greater sensation of stimulation. On the other hand, increasing the size of 
the electrode results in the total current being distributed over a larger area and a 
reduction in the current density (Baker et al., 1993).
In order to reach the threshold of excitability of a tissue, both the amplitude and 
duration of a current pulse must be adequate. A low-intensity current pulse, just above 
threshold, will excite the closest and largest fibers beneath the electrode. As the amplitude 
of the current is increased, the smaller fibers near the electrode and the deeper, larger 
fibers will be excited (Baker et al., 1993; Ross, 1982). Current intensity can be increased 
until the muscle reaches a maximal contraction or until the stimulation exceeds pain 
tolerance (Ross, 1982).
Recruitment of fibers can be increased by adjusting the pulse duration, which is the 
length of time the electrical pulse occurs (Baker et al., 1993). Varying the pulse duration, 
while the current amplitude is held constant, produces stimulus responses ranging from 
threshold to maximal response (Baker et al., 1993). A lower current amplitude, with a 
longer pulse duration, will elicit the same response as a high current amplitude, with a 
short duration, thereby allowing the creation of a comfortable electrical stimulus (Ross, 
1982).
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While current amplitude and pulse duration determine which fibers will be 
recruited, pulse repetition rate determines the frequency of the stimulus. It is the 
frequency of the stimulus that determines the quality of the motor response. The firing of 
motoneurons during normal neural activity is asynchronous, meaning they are excited at 
different rates and times. As a result, a smooth muscle contraction can be achieved 
through a neural discharge rate of only 5-25 per second (Baker et al., 1993; Ross, 1992). 
Electrical stimulation repeatedly stimulates the same nerve fibers, resulting in rapid muscle 
fatigue with frequencies over 30 to 40 pulses per second (Baker et al., 1993; Ross, 1992).
The rate of rise of the electrical current plays an important role in creating a 
stimulus that will result in excitation. Both nerve, and, to a lesser extent, muscle fibers are 
capable of accommodation, a process involving a gradual elevation of the stimulus 
threshold. Short pulse rise times, however, tend to inhibit the effect of accommodation 
(Baker et al., 1993).
The ‘On-Off Cycle is important to consider because it is the relationship between 
the period of time in which the current is ‘on and the time it is ‘off.’ A skeletal muscle 
contraction that is continuous will lead to rapid fatigue and force failure (Robinson & 
Synder-Mackler, 1995).
Russian Current
During the late 1970s, attention was drawn to research occurring in the Soviet 
Union, which suggested that NMES was a more effective means of increasing 
musculoskeletal strength than traditional exercise (Robinson & Snyder-Mackler, 1995).
The current used by the Soviet researchers was a symmetrical, alternating current with a
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frequency o f2,500 Hz. The current was generated in 50 bursts per second, with 
interburst intervals o f 10 msec (see figure 3) (Robinson & Snyder-Mackler, 1995). 
Therefore, it allowed a high frequency alternating current to penetrate the skin and 
provide a high intensity, low frequency (bps) current (Lake, 1992). This current was 
termed the “Russian Current.”
Current
am p litu d e
10 msec 10 msec ------1® msec
Figure 3 - Russian Current3 
Literature Related to Electrical Stimulation Research
NMES in Rehabilitation
There have been numerous studies on the effect o f NMES following an injury or 
reconstructive surgery for the rehabilitation of atrophied muscles. Williams and Street 
(1976) examined the effect of NMES, in combination with voluntary contractions, on the 
restoration of function in the quadriceps muscles. Twenty patients were required to 
contract the quadriceps muscle while receiving twenty minutes o f NMES per session for
3 Figure from Clinical Electrophvsiolopv: Electrotherapy and Electrophvsiologic Testing (2nd Edition!, by 
A.J. Robinson and L. Snyder-Mackler, 1995. Copyright 1995 by Williams & Wilkins.
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fourteen sessions. However, a detailed description of neither the current characteristics 
nor the exercises used during stimulation was provided. A 0.25-inch mean increase in 
thigh girth was reported. Quadriceps strength scores were not documented, but it was 
indicated that NMES, in conjunction with voluntary contractions, was able to restore 
normal quadriceps function to eighteen of the twenty subjects. A statistical analysis was 
not provided and no control was used.
Johnson et al. (1977) studied the effects of NMES on quadriceps strength in 
individuals with chondromalacia patellae. A group of fifty patients was separated into 
those with mild (72%) and those with severe (11%) chondromalacia. All patients 
experienced a significant degree of knee pain, functional disability and muscle atrophy of 
the quadriceps. Muscle strength was assessed on an Orthotron with the knee in 90° 
flexion. Thigh girth was also recorded.
The patients received 20 treatments o f a low frequency faradic current. They were 
encouraged to train at 60 milliamperes, which was the highest amperage possible. Ninety- 
two percent of the patients were able to achieve this treatment level.
A 200 percent increase in muscle strength was demonstrated by the group with 
severe chondromalacia. The mild chondromalacia group displayed a 25.3 percent increase 
and the remaining patients, who were grouped together, had an increase of 36.2 percent. 
Girth measurements also increased. The severe chondromalacia group revealed an 
increase o f 6.8 percent, whereas, both the mild chondromalacia group and the other 
patients showed a 4.3 percent improvement. The greater improvement levels of the severe 
chondromalacia group were attributed to the group’s greater potential for improvement,
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due to their severe muscle atrophy. It was also noted that the individuals who were able 
to tolerate the higher intensities of electrical stimulation, and had the shortest period 
between treatments, demonstrated the greatest strength gains. No other treatment groups, 
or a control group, were reported. A statistical analysis of the data was not presented.
Godfrey et al. (1979) assigned thirty-five patients, who were referred for 
rehabilitation of the quadriceps, to either an isometric exercise group or a NMES group. 
The groups were treated daily for a total of twelve treatments. Both groups’ treatments 
consisted of ten contractions of the affected leg. Each contraction was held for ten 
seconds, followed by a rest period o f fifty seconds. Peak isokinetic torque was measured 
at 3, 10 and 25 revolutions per minute. The NMES group demonstrated significantly 
higher strength at 3 rpm. An aggregate score derived from the measures at the three 
tested speeds showed a significant increase o f 75.44 percent (SD o f45.89) in the NMES 
group, whereas the isometric exercise group demonstrated an increase o f 49.18 percent 
(SD of 36.98). It is important to note, however, that the isometric exercise group trained 
at 75 percent o f m aximum voluntary contraction, while the NMES group received 
stimulations at a m aximally tolerated intensity.
Eriksson and Haggmark (1979) compared NMES and isometric quadriceps 
exercises in eight patients following major knee ligament surgery. The two groups were 
immobilized in casts. One group performed isometric quadriceps exercises while receiving 
NMES through holes cut in their casts. The patients received NMES for five to six 
seconds followed by a rest period of five seconds. The other group performed only 
isometric exercise. The training protocol was for one hour per day, five days per week,
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for four weeks. After removal of the casts, the NMES group showed less muscle atrophy 
than the control. They demonstrated better muscle function (4.5 ±0.58) than the control 
(2.0 ± 0.82), as determined by an ordered rating scale (see figure 4), and they showed a 
significantly higher succinate dehydrogenase activity level than the unstimulated group.
Criteria for muscle evaluation on 1 to 5 scale
Grade Interpretation
1 Poor muscular function; pronounced atrophy o f more than 4 cm of
the circumference o f the thigh
2 Considerably reduced muscle force and atrophy o f  3 to 4 cm of the
circumference of the thigh
3 Some reduction of muscle force; atrophy only 2 to 3 cm
4 Good muscle force and 1 to 2 cm atrophy
5 Excellent muscle force and function; no atrophy
Figure 4 - Criteria for Muscle Evaluation4
Wigerstad-Lossing et al. (1988) conducted a similar study, in which twenty-seven 
postoperative ACL reconstruction patients were randomly assigned to either an isometric 
exercise group or a group consisting of NMES combined with isometric contractions. All 
of the patients participated in a standard program of quadriceps muscle contractions. The 
NMES group received a concurrent treatment of electrical stimulation to the quadriceps 
during each contraction. Treatment was applied three times per week and consisted of 
four, ten minute stimulation periods separated by rest intervals of ten minutes. The
4 Figure from Comparison o f  isometric muscle training and electrical stimulation supplementing isometric 
muscle training in the recovery after major knee ligament surgery, by E. Eriksson and T. Haggmark, 1979. 
American Orthopaedic Journal o f Sports Medicine. 7 (3 \  170.
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duration of the study was six weeks. The exact protocol of the control group was not 
specified, other than it involved home training. Their compliance was determined through 
weekly visits with a physiotherapist.
The results demonstrated that the NMES group had a significantly smaller 
decrease in isometric muscle strength and a smaller reduction in muscle cross-sectional 
area. It was also noted that the NMES group had an increase in type II fiber area.
Delitto et al. (1988) conducted a study in which twenty early postoperative 
anterior cruciate ligament (ACL) patients were randomly placed in either a NMES group 
or a voluntary isometric exercise group. The quadriceps activity of both groups involved 
a simultaneous co-contraction of the quadriceps femoris and hamstring musculature. 
Patients in the NMES group received a treatment of fifteen co-contractions, during which, 
they were encouraged to increase the intensity o f the stimulation to their maximally 
tolerable level. The voluntaiy exercise group performed at least fifteen co-contractions, 
which they were instructed to “contract as hard as you can.” All co-contractions were 
held for fifteen seconds, followed by a rest period of fifty seconds. Treatment took place 
within the first six postoperative weeks and occurred five days per week for a three week 
period.
A post-test design was utilized due to the fact that some patients may have been 
unable to perform at least 60 degrees o f knee flexion before participating in the treatment 
sessions. The results of the study showed a significant difference in both flexion and 
extension torque ratios of the NMES group when compared with those o f the voluntary 
exercise group. Therefore, the authors concluded that NMES provides greater isometric
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gains than voluntary exercise when utilized within six weeks of ACL reconstructive 
surgery.
There were, however, possible reasons for the significant differences between 
groups, as noted by the authors. One limiting factor was the use of a post-test design, 
which made it impossible to determine if the groups were initially equivalent. Another 
possible explanation for the discrepancy could be the fact that the NMES patients did not 
have to concentrate on the co-contraction to the degree that was required of the voluntary 
exercise group. Therefore, the NMES group may have been able to more effectively 
overload the muscles. Thirdly, the patients involved in the voluntary exercise group were 
not required to come into the clinic for every treatment. As a result, there was no control 
over noncompliance. Finally, when disuse atrophy occurs, it is to the greatest extent in the 
type II muscle fibers. The order of muscle fiber recruitment is reversed in NMES, 
therefore, the atrophy prone type II fibers are preferentially elicited. As a result, the 
discrepancy may be due to the physiological differences o f the two types of exercise.
Snyder-Mackler et al. (1991) examined the effect of NMES on gait and thigh 
muscle strength. Ten postoperative ACL reconstruction patients were assigned to either a 
NMES with volitional exercise group or a group with volitional exercise alone. The 
treatment protocol o f the NMES group took place three days per week from the third 
through the sixth postoperative week. Fifteen electrically elicited contractions were 
delivered while the patient co-contracted the quadriceps femoris and hamstring muscles. 
The contractions lasted fifteen seconds, followed by a rest interval of fifty seconds. 
Volitional exercise was performed on the days that NMES was not performed. Patients in
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the volitional exercise group performed fifteen co-contractions, each lasting fifteen 
seconds with fifty-second rest intervals. The protocol was performed twice each day, 
seven days per week.
The results showed an increase in strength of the quadriceps in the NMES group, 
which was able to perform at approximately 70 percent o f the isometric strength of the 
uninvolved limb. The volitional exercise group, on the other hand, performed at 30 to 50 
percent of the isometric strength of the unaffected extremity. The authors stated that the 
difference may be due to neurophysiological differences between an electrically elicited 
and a voluntary contraction. Since NMES elicits a higher firing rate, it activates the large- 
diameter nerve fibers, which innervate the type II motor units, before activating the small 
diameter nerve fibers. This process of recruitment is opposite o f that of voluntaiy 
exercise. As a result, the combination of NMES with volitional exercise may give a higher 
level of treatment for patients with muscle weakness. The NMES group also 
demonstrated significantly greater values in the gait measurements.
NMES in Apparently Healthy Participants
Although the majority of the focus on electrical stimulation has been for 
restoration of muscle function following injury, during the last two decades, there has been 
an increase in NMES studies involving healthy individuals. In the current literature, there 
are numerous studies examining the effect of NMES on strength in healthy individuals. 
Eight significant studies are presented here. However, the results of these studies vary, in 
part due to disparity in training protocols, electrical stimulation specifications and testing 
procedures. Two studies had unequal training protocols, and one study used groups of
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both men and women in unequal numbers. Four of the studies followed the same 
electrical stimulation specifications. Another study had one group which trained and 
tested in the same manner while the other was trained and tested differently. Some studies 
had no control group.
Three studies stated that NMES does not significantly increase strength in healthy 
individuals, while three studies reported that strength gained with NMES appears to be 
similar to, but not greater than that with volitional exercise. The remaining two studies 
did not involve a volitional exercise group, but they did discover a significant strength 
increase in the NMES group. Since these studies are important to the present study, each 
will be summarized:
1) Massey et al. 119651 examined the effects of NMES on the muscle size and strength of 
forty-seven men divided into four groups: Group A (N=16) received NMES; Group B 
(N=13) performed progressive resistance exercise (PRE); Group C (N=13) performed 
isometric exercise; and Group D (N=10) served as an unexercised control. The NMES 
group received a monophasic, pulsed current delivered bilaterally at 1000 pulses per 
second (p.p.s.) to seven upper extremity muscle groups (trapezius, middle deltoid, biceps, 
triceps, pectoralis major, wrist flexor and wrist extensor). All groups completed twenty- 
four sessions during the nine weeks (3 times per week).
The dependent measures consisted of upper and lower arm girths, isometric elbow, 
shoulder and grip strength. The measurements were taken bilaterally.
The greatest strength increases were associated with the traditional PRE group.
The isometric exercise group had the next greatest gain and the NMES showed the least
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improvement. When compared with the control group, the NMES group was statistically 
greater in four measurements: right arm girth (0.6 mm - NMES & 0.1 mm - control); left 
arm girth (0.3 mm - NMES & 0.0 mm - control); and right and left arm extension strength 
(2 - 2.2 kg - NMES & 0.0 - 0.2 kg - control).
A limitation of this study was that after the seventh week of training, the NMES 
protocol was modified due to subject complaints of fatigue and discomfort from the 
stimulator. The interrupted, direct current was changed to a direct current and the 
contraction time was altered from one 10-second contraction to ten 1-second contractions 
immediately followed by a 15-second maximal contraction. In addition, in order to allow 
the muscles one day of rest between stimulation sessions, NMES treatments were 
modified so that half of the seven muscles were stimulated during one treatment period 
and the other half were stimulated the next period.
2) Currier et al. (19791 investigated the effectiveness of electrical stimulation in 
combination with voluntary isometric exercise. Thirty-seven healthy participants were 
separated into three groups. Group A (N=14) served as a control. Group B (N=l 1) 
performed ten different training sessions of six, 6-second maximum isometric contractions 
of the quadriceps muscle with a 10-second rest between each contraction. Group C 
(N=12) engaged in the same program as Group B, but they also received NMES with each 
volitional maximum contraction. The NMES consisted o f a rectangular wave delivered at 
25 p.p.s. and the intensity was adjusted according to each participant’s tolerance level.
Both the isometric group (Group B) and the isometric-NMES group (Group C) 
showed significant increases in strength. The participants in Group B increased by 19
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percent and Group C increased by 21 percent. However, the comparison of torque gains 
between Groups B and C were not statistically significant. It is important to note that 
each group consisted of both men and women in unequal numbers: Group A was 
composed of 14 women; Group B consisted of 7 women and 4 men; and Group C 
consisted o f 10 women and 2 men.
3) Halbrach and Straus (19801 compared NMES to isokinetic exercise in order to 
determine which is more effective in increasing the strength and size of the knee extensors. 
Six participants were divided into two treatment groups. Quadricep strength and girth 
measurements were taken during pre- and post-testing. Strength was measured on the 
Orthotron, an isokinetic testing device.
The participants trained five consecutive days (excluding Saturday and Sunday) for 
three weeks. The NMES workouts were carried out with the knee at 45 ° of flexion on 
the Orthotron. A 10-second contraction was delivered with a 50-second rest period for 
ten contractions. The isokinetic exercise group performed a ladder protocol on the 
Orthotron of ten repetitions at the speed settings of 5, 7, 9, 7 and 5 for two sets.
The isokinetic group showed an increase in knee extensor muscle power o f 42 
percent, while the NMES group had an increase of 22 percent. The girth measurements 
did not appear to follow any particular pattern of increasing or decreasing for either 
group. In the NMES group, two participants showed a circumference increase of 1.87 cm 
and 4.02 cm, while one decreased 6.18 cm. The circumference measurements of the 
isokinetic group increased 1.27 cm, 1.91 cm and 1.6 cm
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This study was limited in several areas. First, the protocol of the two groups was 
unequal. The isokinetic exercise group trained in the same manner that both groups were 
tested and the NMES group trained isometrically. Second, there was a difference in the 
number of repetitions each group performed. The NMES group performed ten repetitions 
per session and the isokinetic group performed one repetition for every second of tetanic 
contraction in the NMES group, equaling 100 repetitions per session. Third, the sample 
size was too small for the authors to make any inferences to a normal population, and the 
data was not statistically treated.
4) Romero et al. 119821 studied the effects of NMES on quadricep strength and girth in 
eighteen young adult females (9 experimental and 9 control). The NMES group received 
fifteen minutes o f stimulation two times per week for five weeks. An alternating current 
was delivered to both quadriceps simultaneously.
Pre- and post test quadricep strength and girth measurements were taken on both 
groups. Strength was measured both isometrically and isokinetically (at 30“/second and 
60 “/second). The knee was in 65 “ flexion, the same position used for the NMES 
treatments.
Isometric knee extension strength improved significantly in the experimental 
group. There was a 21 percent increase in the strength of the dominant leg and a 31 
percent increase in the nondominant leg. At 30“/second, there was a significant increase 
in strength of 13 percent. The 60“/second isokinetic test did not report a significant 
increase in strength and there was little difference between girth measurements. The 
results of this study indicated that NMES can develop isometric strength and, perhaps,
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strength at slow isokinetic speeds. However, NMES does not appear to have an effect on 
faster isokinetic speeds.
After the USSR’s domination in many events during the 1972 Olympics, NMES 
was reported to have been used on Soviet athletes. In 1977, Soviet researcher, Yakov 
Kots reported that NMES-induced contractions produced strength gain improvements of 
30-40 percent in three to four weeks. He suggested that it may be more effective than 
voluntary exercise in improving the strength of both normal and atrophied muscles 
(Kramer & Mendryk, 1982; Robinson & Snyder-Mackler, 1995). Although the Soviet 
technique of NMES is poorly documented, it is believed that the Soviet stimulator 
delivered an interrupted medium frequency sinusoidal current. The current is ten 
milliseconds on and ten milliseconds off or 50 sequences of impulses per second, with 
each sequence lasting ten milliseconds. As a result, the term 10/50/10 has been adapted to 
describe the technique (Kramer & Mendryk, 1982). Since then, numerous researchers 
have attempted to replicate the claimed increases of strength, muscle size, and athletic 
performance by the Soviets.
5) Using a stimulator that produced the current characteristics described by Kots, Currier 
and Mann (19831 compared the effects of: a) isometric exercise (N= 8); b) NMES (N=8); 
c) isometric exercise in conjunction with NMES (N=9); and an unexercised control (N=9) 
on the muscular strength and girth of the quadriceps muscle. Thirty-four participants 
made up the four groups. Each of the experimental groups performed ten, 15-second 
contractions followed by fifty seconds of rest for a total of fifteen sessions (three times per
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week for five weeks). In order to ensure muscle strengthening adaptations, all training 
participants were instructed to begin each session at an intensity o f at least 60 percent of 
their maximum voluntary contraction score.
There was no statistically significant difference in quadriceps girth between the 
groups. NMES produced a significant increase in isometric strength when compared to 
the control group, but, when the three experimental groups were compared, no significant 
differences were found. None of the groups demonstrated an increase in isokinetic torque 
at 100, 200 and 300° per second.
6) Laughman et al. 119831 conducted a similar study, minus the NMES-isometric exercise 
group. Fifty-eight participants were divided into two experimental groups and an 
unexercised control group (N=19). The NMES group (N=20) received ten, 15-second 
contractions (a 5-second ramp time followed by ten seconds at the desired level) to the 
quadriceps muscle, followed by fifty seconds of rest. The isometric exercise group 
(N=19) performed ten, 10-second voluntary maximal isometric contractions of the right 
quadriceps muscle. Both experimental groups trained five days per week for five weeks.
The NMES group and the isometric group showed a significant increase in 
strength, 22 percent and 18 percent respectively, when compared to the control group. 
When compared to each other, however, a significant difference was not noted. The 
NMES group worked at an average intensity of 33 percent o f their maximum voluntary 
isometric torque, whereas the isometric exercise group trained at an average of 78 percent 
of their voluntary maximum torque.
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7) Selkowitz (T9851 compared NMES to unexercised controls. Twenty-four participants 
were divided into the two groups. The NMES group received ten, 10-second maximally 
tolerable isometric contractions, with a rest interval of two minutes between contractions, 
to the quadriceps femoris muscle. Training occurred three days per week for four weeks. 
The torque, current amplitudes and contraction time were monitored continuously. Both 
the amplitude received and the “rise time” were controlled by participant tolerance. The 
mean training-contraction intensity was 91.05 percent of the pretest maximum voluntary 
isometric contraction (MVTC) and the mean training-duration was 9.00 seconds.
The MVIC scores o f both groups increased significantly with a 44.01 percent 
pretest-posttest difference for the NMES group and a 18.52 percent difference for the 
control. The author attributed the increase in MVIC for the control group to a pretest- 
induced motor learning effect. However, the MVIC pretest scores may have been 
abnormally low. The results indicated a positive and significant correlation between the 
training length and intensity and isometric strength gains in the quadriceps femoris muscle. 
However, it was found that strength gains are also determined by the participant’s ability 
to tolerate a strong contraction and the electrical stimulator’s ability to produce a current 
with an adequate amplitude and rest intervals.
8) Rich 11992’) examined the effects of NMES on the biceps brachii and triceps brachii in 
the areas of strength, endurance, girth and fat content. Twenty-four participants were 
placed in two groups consisting of six females and six males. The participants were 
matched according to the strength of the elbow flexors and extensors. One group 
received NMES to the biceps brachii of the dominant arm, while the other group received
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NMES to the triceps brachii of the dominant arm. Both groups received a 10-second 
sustained contraction followed by a 50-second rest. The number of contractions per 
training period was not specified, and the subjects determined their own intensity. The 
average stimulation intensity of the biceps brachii was 29.6 percent of the MVIC for males 
and 37.2 percent for females. The stimulated triceps brachii averaged contractions equal 
to 45.5 percent of the MVIC for males and 62.3 percent for females. Training took place 
three times per week for six weeks.
Analysis of pretest and post-test strength revealed no significant difference 
between any of the measured variables. In the biceps brachii group, dominant elbow 
flexion strength decreased in males (2.5%) and increased in females (3.6%). Whereas, 
dominant elbow extension strength increased 4.5 percent in males and 15.7 percent in 
females. In the participants who received stimulation of the triceps brachii, dominant 
elbow flexion strength showed a 13.5 percent decrease in the males and a 15.1 percent 
decrease in the females. The triceps brachii showed a 0.2% strength increase for the males 
and a 20.1% increase for the females. Very little change in muscle endurance was shown, 
and pre- and post-test girth and skinfold measurements revealed nonsignificant results.
Several explanations for the lack o f significant changes in strength were examined 
by the author. One explanation being that electrical stimulation lacks the involvement of 
the central nervous system when recruiting motor units for contraction. Whereas, 
voluntary training relies on the brain to initiate a muscle contraction. It was suggested 
that the reason there was an increase in strength of the extensor muscle, when the flexor 
muscle was stimulated, was due to the fact that stimulation o f the flexor muscle was
perceived as a noxious stimulus by the central nervous system and it recruited the 
extensors to help stabilize the arm. Another possible explanation was the intensity of the 
stimulation. It has been shown that a stimulus of at least 60% MVIC is necessary to 
achieve hypertrophy (Currier & Mann, 1983). In this particular study, the greatest 
training intensity was found in the females who had their triceps stimulated (62.3%), and 
they showed a 20.1% increase in strength. It is important to note that contraction 
progressively decreased from maximum after approximately two seconds of stimulation, 
which was believed to be due to fatigue. A control group was not utilized.
NMES with Dynamic Movement
The effect of NMES alone and NMES combined with volitional isometric 
contractions has been well documented in both rehabilitative and apparently healthy 
participants. While the majority of the investigations demonstrated that NMES can 
increase isometric strength (Currier et al., 1979; Romero et al., 1982; Laughman et al., 
1983; Currier & Mann, 1983; and Selkowitz, 1985), the strength gains support the 
concept of training specificity. Currier and Mann (1983) supported this claim when the 
isokinetic strength of groups trained with isometric contractions was assessed. The 
findings revealed no significant changes between the pretest and post-test scores for any of 
the rates of contraction tested (1007s, 2007s, 3007s).
Since strength gains are limited to the manner in which the training occurred, it 
would be of greater benefit to sports performance, as well as everyday activities, to 
examine the benefits of combining NMES with isotonic movement, in order to develop an 
individual’s dynamic strength.
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Ross (1982) studied the effects of NMES on strength, power and endurance in the 
quadriceps muscle group. Thirty-nine females, aged 20 through 50, comprised the three 
training protocols. One group received NMES (N=13); a second group trained 
isotonically (N=13); and a third group received NMES in conjunction with isotonic 
training (N= 13). All groups trained five days per week for four weeks. Pretesting 
consisted of a thigh circumference, one-repetition maximum (1 RM) and isokinetic testing 
of strength, time rate of tension, power and endurance.
The NMES only group received muscle contractions controlled by a stimulator, 
which induced 133 contractions in a twenty minute time period. NMES protocol 
consisted of a 35 Hz pulse frequency and a 100 mA current. Each contraction had a 
1-second rise time, with 3 seconds ON and 6 seconds OFF. Intensity was determined by 
the participant’s tolerance.
The isotonic training group performed 13 sets consisting of 10 repetitions each of 
a knee extension exercise (from 90° flexion to 0° extension). Each participant began 
training with a weight boot, which was 50% of the previously measured 1 RM. The 
training weight was increased in increments of 1.4 to 2.2 kg per week, if no pain or 
discomfort was reported. Total training time lasted twenty minutes, including the 
1-minute rests between each set.
An identical isotonic training protocol was used for the combined group, with the 
addition of NMES, which was set for 3 seconds ON and 6 seconds OFF. Current intensity 
was determined by the participant’s tolerance. The stimulator induced 133 contractions in 
a twenty minute training session.
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An analysis of covariance showed that there was no significant difference among 
the three training methods on any of the variables tested. However, a correlated t test 
determined a significant increase in the isotonic strength in each of the three training 
methods. The combination group demonstrated the largest increase in strength, with a 
mean increase of 24 lb., followed by the isotonic exercise group, with a 19 lb. increase.
The NMES group had a 13 lb. increase in isotonic strength. A significant decrease of 1.58 
cm was found in the thigh circumference of the isotonic group, and power was 
significantly decreased in the NMES group, with a mean decrease of 5 ft. lb.
From these data, the author speculated that NMES alone has a training effect, but 
it is not greater than traditional isotonic exercise. When combined with isotonic exercise, 
however, NMES demonstrated a training effect greater than isotonic exercise alone. Since 
a significant difference was not revealed, this was only an observation.
The study was limited in several areas. First, the age group tested was too broad. 
The study might have benefited from a more homogeneous group of participants. Second, 
a longer training period might have lead to a greater, and possibly significant training 
effect.
Wolf (1986) examined the effect o f bilateral NMES of the quadriceps during a 
resistive squatting exercise. Twenty-seven physically active males were randomly assigned 
to three groups, which trained for 24 sessions during 6 weeks. Group E (N=9) consisted 
of resistance training; Group E/S (N=9) received an identical treatment of resistance 
training with an addition of NMES during the last 12 sessions; and Group C (N=9) served 
as a control. All participants were tested at baseline, 3 weeks, 6 weeks and 7 weeks on
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eighteen different measurements o f variable velocity loads and function measures such as 
power, work production, sprint time and vertical jump height.
An identical training protocol was used for both experimental groups for the first 
three weeks (training sessions 1 through 12). The participants began each set of squats in 
a sitting position, from which they were required to raise a resistive load placed on the 
shoulders. Five sets were performed and each set’s resistance was matched to the 
individual effort and the speed was controlled throughout the range of motion.
During weeks 4 through 6 (training sessions 13 through 24), Group E/S received 
bilateral NMES to the quadriceps with each resistive squatting repetition. The NMES was 
a constant current delivered in modified monophasic, rectangular pulses at 75 Hz. Rise 
time of the current was almost instantaneous and the stimulation was applied throughout 
the duration of the dynamic exercise movement. The stimulation was increased before 
each set if the participant had accommodated to the previous set’s intensity.
Both experimental groups demonstrated significant increases in power, work, 
velocity, force and vertical displacement, in addition to a significant reduction in sprint 
time, when compared to the control. The NMES group, however, showed greater mean 
changes in vertical displacement, work, power and sprint time when compared to baseline 
measurements, but the changes were not statistically significant from those of the resistive 
training alone group. The results suggested that both resistive training alone and resistive 
training in conjunction with NMES are capable o f increasing strength under variable 
velocity loads and improving functional measures of vertical jump height, sprint time and 
power and work production.
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There were two limiting factors to this study. The first was that the age range of 
the participants was 24 through 52 years. As a result, the lack o f changes could be a 
reflection of the participants’ age differences. The second limitation was the ‘Virtually 
instantaneous” rise time. When combining a voluntary and a stimulated contraction, it is 
essential that the two efforts are coordinated (Baker et al., 1993). A voluntary effort 
should begin with the first perception of stimulation. The effort should maximize during 
the ON time and be followed by a rest during the OFF time (Baker et al., 1993).
Poumarat et al. (1992) observed the acute effects of superimposing NMES upon a 
maximal isokinetic contraction. The basis being that if NMES is capable of activating 
more motor units than a maximal volitional contraction, the difference will be visible 
dining an acute contraction force. A group of eleven healthy males, aged 18 to 45, 
volunteered for the study. Prior to experimentation, each participant performed two 
procedures o f four submaximal contractions, in order to determine the intensity o f NMES. 
For all participants, the right leg was examined.
NMES was delivered through a bi-phasic, symmetrical square wave, which was 
applied at two different frequencies, 30 Hz and 80 Hz. The pulse duration was at 600 fj.s. 
Each participant set the current level at the maximum that could be comfortably tolerated 
without undue pain. The average varied between 40 mA and 80 mA. A constant current 
was delivered according to the dynamometer speeds selected. Each contraction was 
followed by a 18-second rest period. Each participant completed four consecutive trials of 
six conditions: 1) MVC alone at 12°/sec.; 2) MVC alone at 30°/sec.; 3) MVC + NMES at 
30 Hz at 127sec.; 4) MVC + NMES at 30 Hz at 30°/sec.; 5) MVC + NMES at 80 Hz at
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12°/sec.; and 6) MVC + NMES at 80 Hz at 30°/sec. The MVC trials were completed 
first, followed by the randomly assigned NMES trials. The mean values of torque at 50 
increments throughout the entire range of motion (totaling 18 angles) were calculated by a 
computer. A four minute rest period was allowed between the trials to minimize any 
fatigue.
The results determined that the angle of maximum torque was between 85 ° and 
75°, which was found to be in agreement with Thorstensson et al. (1976). At the 30°/sec 
speed level, the superimposing of NMES on a MVC had an inhibitory effect upon peak 
torque when compared to that produced by a MVC alone. The values were significant at 
a 0.05 alpha level. These differences, however, were only found in the range of 80° to 
25°, which was similar for both 30 Hz and 80 Hz.
For the 127sec speed level, significant differences were found at all angles except 
those at the end of the range of motion. The significance was more pronounced at 80 Hz.
Poumarat et al. concluded that NMES results in the inhibition of torque production 
at the peak level and throughout the middle ranges of motion. However, it was mentioned 
that the participants were not familiar with NMES and reported experiencing discomfort 
from the stimulation ranging from mild to severe. Therefore, it may be possible that the 
NMES created an inhibition of the motor effects. Participants able to tolerate the higher 
levels o f intensity may, as a result, produce MVC + NMES values closer to, or beyond 
those of a MVC alone. The study was also limited by the age range of its participants.
During the data collection phase of the present study, a study done by Willoughby 
and Simpson (1996) was published. This study compared 4 groups of postseason, male
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college basketball players (N=24): 1) weight training only (Wgt); 2) NMES only (Stim);
3) a combination of weight training and NMES (Wgt. + Stim); and an unexercised control. 
All training groups used the “Preacher” bench curl to help isolate the biceps brachii muscle 
and minimize the involvement of other muscles. The Wgt group performed the training 
sessions without the use of NMES. The Stim group received electrical stimulation while 
voluntarily going through the range of motion of the preacher curl. The intensity of the 
stimulation was increased until the participant reported an involuntary contraction of the 
forearm. The Wgt + Stim group received NMES while performing the barbell preacher 
curl. The setting of the stimulation intensity followed the same protocol as used with the 
Stim group. NMES was delivered in a 0.1 msec sinusoidal waveform at a frequency of 
2,500 Hz, modulated into 50 bursts per second. Both the Wgt and the Wgt + Stim groups 
trained at 85% of the previously determined 1-RM. The control group abstained from 
strength training exercises.
The participants trained 3 times per week throughout the 6-week training period 
(18 sessions). All groups performed 3 sets of 8 to 10 repetitions with a 3-minute rest 
between sets. The level of strength for the three training groups and the control group 
was determined during a pretest (Tl), biweekly (T2 and T3) and during a post-test (T4).
If necessary, adjustments were made to ensure that groups Wgt and Wgt + Stim were 
training at 85% of their 1-RM. Strength was determined by dividing the participant’s 
1-RM by his weight. This was done in order to provide a more accurate estimate of 
strength by correcting for the variation of weight among participants, expressing strength 
per pound of body weight.
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The results concluded that the Wgt + Stim group demonstrated significantly 
greater strength gains than the other three groups (p < 0.05). Although the Stim and Wgt 
groups were statistically equal, their strength gains were significantly greater than those of 
the control. These results suggest that NMES combined with dynamic resistance training 
is a more effective means of increasing muscular strength than traditional resistance 
training alone.
The study may have been limited by the stimulation intensity. The current intensity 
was increased until the participant experienced an involuntary contraction o f the forearm. 
This was contradicted at a later point when it was reported that the stimulation was 
recorded prior to each set in order to determine if there was any accommodation to the 
current between sets and throughout the study. Accommodation to current intensity 
would allow the participant to receive current beyond what is necessary to achieve an 
involuntary contraction. It has been shown that a stimulus of at least 60% MVIC is 
necessary to achieve hypertrophy (Currier & Mann, 1983), therefore an increase in 
stimulation until an involuntary contraction was experienced would be insufficient to elicit 
the desired changes in muscle strength and size.
Summary
The therapeutic benefits of NMES have been well documented. In fact, NMES 
has been proven effective in neuromuscular reeducation and in the rehabilitation of 
atrophied muscles. In studies looking at the effects of NMES on knee rehabilitation, 
NMES was more effective in strengthening muscles than isometric contractions (Godfrey 
et al., 1979; Eriksson & Haggmark, 1979; Wigerstad-Lossing et al., 1988; Delitto et al.,
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1988; Snyder-Mackler et al., 1991). Godfrey et al. (1979) and Delitto et al. (1988) 
compared NMES alone with isometric exercise, while Eriksson and Haggmark (1979), 
Wigerstad-Lossing et al. (1988) and Snyder-Mackler et al. (1991) looked at the effect of 
NMES combined with isometric contractions. Investigations found similar improvements 
in strength, but were unable to provide statistical evidence.
On the other hand, studies investigating the effect of NMES on apparently healthy 
participants have revealed conflicting results. Some studies have stated that NMES does 
not significantly increase strength in healthy individuals (Massey et al., 1965; Halbrach & 
Straus, 1980; Rich, 1992), while other studies reported that NMES appears to elicit 
strength gains similar to, but not greater than volitional exercise (Currier et al., 1979; 
Currier & Mann, 1983; Laughman et al., 1983).
Massey et al. (1965) compared the training effect of NMES, progressive resistance 
exercise (PRE) and isometric exercise to an unexercised control. The greatest strength 
gains were observed in the PRE group, followed by the isometric group and the NMES 
group, respectively. Halbrach and Straus (1980) compared NMES to isokinetic exercise. 
The isokinetic group showed a greater increase in power than the NMES group, but the 
study was limited by unequal training protocols and a small sample size. Rich (1992) 
examined the effects o f NMES on the biceps brachii and triceps brachii. The analysis 
revealed no significant difference between pretest and post-test strength. However, there 
was no control group.
Currier et al. (1979) compared isometric exercise with the combination of NMES 
and isometric contractions. Their findings revealed a significant increase in strength for
61
both groups, but there was not a significant difference between the two training methods. 
Currier and Mann (1983) compared the same groups while using “Russian Stimulation” 
and discovered no significant differences between the experimental groups. Laughman et 
al. (1983) examined an isometric exercise group and a NMES group. Once again, both 
groups showed a significant increase in strength when compared to the control, but a 
significant difference between the two was not observed.
A study by Romero et al. (1982) examined the effects of NMES alone. The results 
revealed that NMES can develop isometric strength and isokinetic strength at lower 
speeds, but it does not effect isokinetic strength at speeds greater than 60“/second. 
Similarly, Selkowitz (1985) found a significant increase in isometric strength following 
training with NMES.
Since strength gains are limited by the specificity of training, it would be more 
beneficial to the healthy individual to examine the benefits of NMES combined with 
isotonic movement. Both Ross (1982) and Wolf (1985) studied the effect of NMES 
combined with isotonic exercise. Ross (1982) examined the training effect of NMES, 
isotonic resistance exercise and NMES in conjunction with isotonic resistance exercise.
The analysis revealed that NMES has a training effect, but it is not greater than isotonic 
exercise. Although a significant difference was not revealed, NMES combined with 
isotonic exercise appeared to have a greater training effect than traditional isotonic 
exercise. Similarly, Wolf (1986) compared traditional resistive training with the 
combination of resistive training and NMES. Both groups revealed significant increases 
from baseline, but the changes were not significant between the two groups.
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Poumarat et al. (1992) observed the acute effects o f NMES superimposed on a 
maximal isokinetic contraction. The results revealed that NMES inhibited torque 
production, but this may have been a result of apprehension of the NMES participants.
The most recent study by Willoughby and Simpson (1996) examined the effect of 
NMES combined with dynamic resistive training. The results showed that the NMES + 
weight combination elicits greater strength gains than traditional weight training or NMES 
alone.
CHAPTER 3
METHODOLOGY
This study compared the effect of NMES with dynamic movement, isotonic 
exercise and NMES combined with isotonic exercise on the strength of the triceps brachii 
muscle during an 8-week training period. Strength was measured isometrically (maximal 
volitional isometric contraction) and isotonically (1-RM). All measurements used for 
studying the hypothesis were taken bilaterally.
Participants
Twenty-seven apparently healthy females, aged 21 to 34 (x = 24, SD = 3.06), 
volunteered for this study. The participants ranged in height from 155 to 180 cm.
(x = 166, SD = 7.64) and in weight from 48 to 100 kg. (x = 64, SD = 11.36). The 
percent body fat ranged from 14.6 to 39.4 (x = 25, SD = 6.06). The participants were 
untrained, in order for the effects of the 8-week training protocol to be maximized. 
“Untrained” was defined as an individual not currently involved in any regular training of 
the triceps brachii muscle. Since pathologies of the elbow could affect the results of this 
study, any volunteer who had experienced an injury to the elbow was eliminated as 
participant.
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The study was approved by the University Institutional Review Board. An 
informed consent form (Appendix A) was read and signed by each participant.
Participants were discouraged from beginning any other physical exercise programs for the 
duration of the study. The participants were randomly assigned to one of the three 
training protocols.
Testing
The study was divided into four phases: pretest phase, training phase, interval 
phase and post-test phase.
The Pretest Phase. This phase was one week in duration. During the pretest, 
participants were tested on the following measurements: upper arm circumference and 
localized upper arm skinfold measurements, isometric strength and isotonic strength. 
Height (cm.), weight (kg.) and percent body fat were also determined at this time. After 
the pretest phase, the participants were randomly assigned to one of three groups: a 
NMES with dynamic movement group (NMES), a volitional weight training group 
(Weight) and a NMES combined with volitional weight training group (NMES/Weight).
The Training Phase. This phase was eight weeks in duration. Participants trained 
three times per week in their respective training group. The training protocol of each 
group was equated through the number of contractions and the length of time involved in 
training. The muscle contractions of the NMES group were regulated by both an 
electrical stimulator and the participant’s volitional extension and flexion of the elbow.
The Weight group trained with a free weight, which provided 60% of the 1-RM. The 
NMES/Weight group combined the resistance of the free weight with NMES. In this
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group, the participant voluntarily contracted the muscle and lifted the free weight, 
weighing 60% of the 1 RM, upon the first feeling of the electrical current.
The Interval Phase. All tests performed during the pretest were repeated in 
precisely the same manner during the interval test. This phase occurred during the fourth 
week of training. There were 12 training sessions between the pretest and the interval test 
and there were 12 training sessions between the interval test and the post test.
The Post-test Phase. This phase was one week in duration. At this time, arm 
circumference, skinfold measurements, isometric strength and isotonic strength were 
retested in exactly the same manner and sequence, in order to compare the data with the 
pretest and interval test measurements.
Pretest Measurements
Demographic data on each participant consisted of age (years), height (cm.), 
weight (kg.) and skinfold measurements to determine relative fatness or leanness. 
Abdomen, ilium and tricep skinfold measurements were measured and the three were used 
to estimate percent body fat using the Jackson and Pollock sum of three equation 
(Golding, 1989). All data were recorded on a Pretest/Interval/Post-Test Score Sheet 
(Appendix B).
Localized Skinfolds
Skinfold measurements were taken at four sites on both upper arms: the tricep 
(defined as one-half the distance between the tip of the acromion process and the tip of the 
olecranon process), the medial bicep (defined as one-half the distance between the axillary 
fold and medial epicondyle), the mid-bicep (defined as one-half the distance between the
66
head of the humerus and coronoid fossa) and the lateral bicep (defined as one-half the 
distance between the head of the humerus and lateral epicondyle) (Appendix B).
Arm Circumference
Circumference measurements were taken on both arms at the mid-tricep (defined 
as one-half the distance between the tip of the acromion process and the tip of the 
olecranon process) (Appendix B). The participant was in a standing position with the arm 
relaxed. Measurements were taken in inches.
Isometric Strength Maximum
The maximum tension produced by the triceps brachii muscle during contraction 
was determined through an electronic loadcell. The protocol was as follows:
1. The participant lay prone on a table with the shoulder abducted to 90°, the 
elbow at 90° flexion and the forearm pronated and hanging off the table 
(Appendix D).
2. An electronic loadcell was attached to a nylon cuff on the participant’s wrist. 
The voltage output of the loadcell was proportional to the force (in lbs.) applied on 
the nylon strap.
3. The warm up consisted of three submaximal and one maximal isometric 
contraction, which was followed by 1-minute of rest.
4. Two trials of maximal contractions, separated by 1-minute of rest, were 
recorded and the best of these trials was considered to be the maximal isometric 
strength.
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5. The maximal volitional isometric contraction (MVIC) was determined for both 
triceps.
Isotonic Strength Maximum
The maximum weight that could be lifted by the triceps brachii muscle was 
determined through the one-repetition maximum (1 -RM).
1. The participant lay prone on a table with the shoulder abducted to 90°, the 
elbow at 90° flexion and the forearm pronated and hanging off the table, similar to 
the tricep MVIC position.
2. The required movement was from 90° of elbow flexion to 0° of elbow 
extension.
3. A free weight was held in the participant’s hand.
4. To determine the 1-RM, the resistance was adjusted up or down in 2.5 lb. 
increments, if necessary, until the maximum resistance was determined. The best 
of the maximum weight lifted on the two days was recorded.
■“ ^3. The 1-RM was determined for both triceps.
Training Phase
During the training phase, all participants trained three days per week. Participants 
wore short sleeve shirts with sleeves that were loose around the upper arm and shoulders. 
All participants lay in a prone position on a padded table with the shoulder abducted to 
90°, the elbow at 90° flexion and the forearm pronated (Appendix D). Both arms were 
trained during each training session.
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For Group NMES, the daily protocol was as described below:
1. Two 3-inch round electrodes were placed on the skin, with a moist sponge 
between the electrode and the skin. The electrodes were secured with a Velcro 
strap.
2. One electrode was placed on the posterior middle third of the upper arm, just 
below the deltoid, and the other was placed proximal to the elbow joint.
3. The current intensity was set by each participant to the maximal tolerable 
amount prior to the beginning of each set.
4. Contraction of the triceps brachii muscle was verified through observation and 
palpation of the muscle while contracting.
5. The electrically-induced extension of the elbow was assisted by the participant. 
Participants were instructed to initiate a voluntary effort once the stimulation was 
felt.
6. A record o f current intensity and number of repetitions per set was kept daily 
(Appendix B).
7. Eight to ten repetitions were performed during each o f the three sets. A 
1-minute rest occurred between each set.
8. The protocol of the machine was as follows:
Cycle Time 1.0 sec. ramp up
2.0 sec. contraction
1.0 sec. ramp down
4.0 sec. rest
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Pulse Parameters 50 bps - burst frequency
2500 Hz - carrier frequency 
50% - duty cycle
9. After the protocol was completed, the electrodes were removed.
For Group Weight, the daily protocol was as described below:
1. A free weight, weighing 60% of the previously determined 1 RM, was held in 
the participant’s hand.
2. The movement required for the exercise was from 90° of elbow flexion to 0° of 
elbow extension.
3. The timing of the exercise was regulated by a metronome: two counts for the 
extension and two counts for the flexion.
4. Eight to ten repetitions were performed during each of the three sets. A 
1-minute rest occurred between each set.
5. The weight was increased in increments of 2.5 lbs. when ten repetitions were 
performed during each set (Appendix B).
For Group NMES/Weight, the daily protocol was as described below:
1. Two 3-inch round electrodes were placed on the skin, with a moist sponge 
between the electrode and the skin. The electrodes were secured with a Velcro 
strap.
2. One electrode was placed on the posterior middle third o f the arm, just below 
the deltoid, and the other was placed proximal to the elbow joint.
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3. The amplitude was set by each participant to the maximal tolerable amount 
prior to the beginning of each set.
4. A free weight, weighing 60% of the previously determined 1 RM, was held in 
the participant’s hand.
5. Active extension and flexion of the elbow, while the participant held the free 
weight, were combined with NMES. Participants were instructed to initiate a 
voluntary effort once the stimulation was felt.
6. Eight to ten repetitions were performed during each of the three sets. A one- 
minute rest occurred between each set.
7. The weight was increased in increments of 2.5 lbs. when ten repetitions were 
performed during each set (Appendix B).
8. A record of current intensity, the resistance to the weight and the number of 
repetitions per set was kept daily (Appendix B).
Post-test Phase
All tests performed during the pretest and the interval test were repeated in 
precisely the same manner during the post test.
Statistical Design
Since the participants were asked to volunteer for this study, there was not a true 
random selection. The participants were, however, randomly assigned to training groups. 
There were three levels of the independent variable, which was the method of training: 
NMES, isotonic resistance training and NMES combined with resistance training. The 
dependent variables were isotonic strength (1-RM) and MVIC. Analysis of the variables,
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1-RM and MVIC at each of the three testing periods and over time, involved 2 one 
between-groups and two repeated-measures ANOVAs (Group X Time X Arm). This 
design was utilized to determine if there were any significant differences between groups 
at each testing session, over time from the pretest to the post-test, and between arms. An 
alpha level of 0.05 was selected as the level of significance. Significant F values were 
further analyzed by a Tukey’s test to determine where statistical differences occurred. All 
statistics were analyzed through the SAS software package. In order to determine the 
meaningfulness of the results, the effect size was analyzed for 1-RM and MVIC in all three 
groups (Thomas et al., 1991).
CHAPTER 4
RESULTS AND DISCUSSION
The variables of isotonic strength (1-RM) and isometric strength (MVIC) were 
analyzed by 2 one between-groups and two repeated-measures ANOVAs. These variables 
were used to determine if there was a training effect in any of the three protocols: NMES 
with dynamic movement (NMES), isotonic weight training (Weight), and NMES 
combined with isotonic resistance training (NMES/Weight). All groups were evenly 
matched (Table 1).
Twenty-seven of the original 32 participants completed the 8-week training study. 
Three participants were dropped as a result of missing more than three training periods 
and one participant dropped out due to a conflicting work schedule. One participant was 
dropped from the data due to unreasonable gains in strength for her particular group. The 
remaining participants completed all 24 training sessions.
The physiological characteristics o f the 27 participants and pre-, interval and 
post-test measurements o f the two variables are shown by order of training method in 
Appendix E.
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One Between-Grroups Factor and Two Repeated-Measures Factors
A mixed factor design was performed in which the three training methods were the 
between-groups factors, and the testing period and the arm were the repeated-measures 
factors. Two designs were used for the dependent variables of isotonic strength ( 1-RM) 
and isometric strength (MVIC).
Results
Isotonic Strength
Strength gains measured by the isotonic one-repetition maximum are shown in 
Tables 1 and 2. Figures 5 and 6 show the 1-RM strength means graphically. The mixed 
factor design revealed no significant difference between groups (F224 = 3.04, p = 0.0663). 
However, a significant difference was discovered between testing periods (F2 24 = 318.70, 
p = 0.0001), with each group demonstrating a significant increase in strength at the 
interval and post-test, relative to the pretest. The analysis revealed a significant 
interaction (Figures 7 and 8) between group and time (F2 24 = 4.46, p = 0.0038). Further 
analysis through a Tukey’s test and simple main effects revealed that, at pretest, there was 
not a significant difference between groups for both the dominant (F2 24 = 0.78, p =
0.4692) and nondominant (F2 24 = 1.10, p = 0.3501) arms. At interval testing, all three 
groups demonstrated a significant increase in strength. However, the only significant 
between group strength gain occurred between the Weight group and the NMES group, 
with the Weight group demonstrating a 3.36 kg. strength difference in the dominant arm 
(F„4 = 3.51, p = 0.0459) and a 3.58 kg. difference in the nondominant arm (F2 24 = 3.86, 
p = 0.0351). The results from the post-test also showed a significant increase in strength
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NMES Weight NMES/Weight
Pretest 11.22 12.65 11.59
1.636 2.771 2.539
Interval 13.53 16.89 15.19
1.579 2.674 2.855
Post-test 19.32 23.13 23.85
2.188 2.766 4.494
Pre-Post 8.103 10.48 12.27
Difference 1.729 2.784 3.013
Table 1: Group Means (&SD) for 1-RM Strength at Pre-, Interval and Post-test for the 
Dominant Arm.
0NM ES 
H Weight 
□  Combo
Pretest Interval 
Testing Session
Figure 5: Dominant Arm 1-RM
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NMES Weight NMES/Weight
Pretest 10.25 12.05 11.02
1.299 2.389 2.884
Interval 12.68 16.26 14.32
1.531 2.603 3.024
Post-test 18.11 22.56 22.77
1.834 2.835 4.535
Pre-Post
Difference
7.857
1.835
10.52
2.998
11.75
3.038
Table 2: Group Means (& SD) for 1-RM Strength at Pre-, Interval and Post-test for the 
Nondominant Arm.
ESNMES 
H Weight 
□  Combo
Interval 
Testing Session
Post-test
Figure 6: Nondominant Arm 1-RM
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Figure 7: Interaction Between Group & Time for Dominant Arm 1-RM
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Figure 8: Interaction Between Group & Time for Nondominant Arm 1-RM
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for all three groups in both arms. The strength gains of the NMES/Weight group were 
significantly greater (F2 24 = 3.87, p = 0.0348) than those of the NMES group in the 
dominant arm (4.53.) and in the nondominant arm (4.66 kg.) (F224 = 4.48, p = 0.0222). In 
the nondominant arm, the Weight group also revealed a significant difference 
(F2>24 = 4.48, p = 0.0222) from the NMES group, with a 4.45 kg. difference in strength. 
However, an effect size test revealed a meaningful difference between the Weight group 
and the NMES group in the dominant arm (Table 3).
NMES Weight NMES/Weight
NMES x x x x x x x x 1.0 1.6
Weight 1.0 XXXXXXXX 0.43
NMES/Weight 1.6 0.43 XXXXXXXX
Table 3: Effect Size Test for Dominant Arm 1-RM.
The NMES/Weight group demonstrated the largest mean increase in 1-RM at 
post-test with 12.26 kg. for the dominant arm and 11.76 kg. for the nondominant arm 
The Weight group was next with a mean increase of 10.49 kg. for the dominant arm and 
10.53 kg. for the nondominant arm The NMES group had the lowest mean strength 
gains with 8.1 kg. in the dominant arm and 7.86 kg. in the nondominant arm
A significant difference was found between arms (F2 24 = 42.99, p = 0.0001), with 
the dominant arm being significantly stronger than the nondominant arm
The strength gains achieved by the NMES group are consistent with the results of 
studies performed by Romero et al. (1982), Ross (1982), Laughman et al. (1983),
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Selkowitz (1985) and Willoughby and Simpson (1996). However, only Ross (1982) and 
Willoughby and Simpson (1996) used one-repetition maximum as a testing technique. 
Laughman et al. (1983) and Selkowitz (1985) tested isometrically; and Romero et al. 
(1982) tested both isometrically and isokinetically.
The Weight group had a greater mean increase in strength than the NMES group, 
which is consistent with the results of Massey et al. (1965), Ross (1982), Wolf (1986) and 
Willoughby and Simpson (1996). All of these studies showed that traditional isotonic 
exercise is a more effective means of increasing strength than NMES alone.
Although the findings were not statistically significant, the present study found the 
greatest mean increase in the NMES/Weight group. Ross (1982), Wolf (1986) and 
Willoughby and Simpson (1996) found similar results, and, like the present study, the 
difference was not statistically significant, with the exception of Willoughby and Simpson 
(1996).
Isometric Strength
The results from the mixed factor design for isometric strength were not 
significantly different between groups (F224 = 1.64, p = 0.2124). Tables 4 and 5 show the 
strength values recorded from the maximal volitional isometric contraction. The means 
are represented graphically in Figures 9 and 10. All three groups demonstrated 
statistically significant increases in strength at both the interval and the post-test 
(F224 = 102.79, p = 0.0001), relative to the pretest. An interaction (Figures 11 and 12) 
occurred between group and time. Further analysis through a Tukey’s test and simple 
main effects revealed no significant differences in isometric strength for either arm at
NMES Weight NMES/Weight
Pretest 13.77 14.92 13.88
1.378 2.077 2.697
Interval 14.87 17.94 16.5
1.981 3.157 3.404
Post-test 16.2 18.87 18.64
1.437 3.032 3.752
Pre-Post
Difference
2.431
1.353
3.952
2.078
4.761
1.668
Table 4: Group Means (& SD) for MVIC Strength at Pre-, Interval and Post-test for the 
Dominant Arm
BNMES 
H  Weight 
□  Combo
Pretest Interval Post-test
Testing S ess io n s
Figure 9: Dominant Arm MVIC
80
NMES Weight NMES/Weight
Pretest 13.71 14.84 13.58
1.568 4.44 2.712
Interval 14.54 17.35 14.79
1.775 2.874 2.27
Post-test 15.76 18.52 17.44
1.943 3.091 3.584
Pre-Post 2.05 3.676 3.861
Difference 0.769 1.891 1.563
Table 5: Group Means (& SD) for MVIC Strength at Pre-, Interval and Post-test for the 
Nondominant Arm.
BNMES 
0  Weight 
□  ComboPost-testPretest Interval 
Testing S ess io n
Figure 10: Nondominant Arm MVIC
NMES
Weight
ComboPretest Interval 
Testing S ession
Figure 11: Interaction Between Group & Time for Dominant Arm MVIC
NMES
Weight
ComboPretest Interval 
Testing S ession
Post-test
Figure 12: Interaction Between Group & Time for Nondominant Arm MVIC
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pretest, interval or post-test. However, a meaningful difference (Tables 6 and 7) was 
discovered between the NMES group and the Weight group, and between the NMES 
group and the NMES/Weight group. The meaningful difference was found bilaterally.
NMES Weight NMES/Weight
NMES XXXXXXXX 0.85 1.5
Weight 0.85 XXXXXXXX 0.4
NMES/Weight 1.5 0.4 XXXXXXXX
Table 6: Effect Size Test for Dominant Arm MVIC.
NMES Weight NMES/Weight
NMES XXXXXXXX 1.1 1.37
Weight 1.1 XXXXXXXX 0.4
NMES/Weight 1.37 0.4 XXXXXXXX
Table 7: Effect Size Test for Nondominant Arm MVIC.
The NMES/Weight group showed the largest mean increase in isometric strength 
with 4.76 kg. for the dominant arm and 3.86 kg. for the nondominant arm. The mean 
increase in strength for the Weight group was 3.95. in the dominant arm and 3.67 kg. in 
the nondominant arm. The NMES group had the lowest mean increase of 2.42 kg. in the 
dominant arm and 2.05 kg. in the nondominant arm.
A significant difference occurred between arms (F224 = 7.79, p = 0.0102) in which 
the dominant arm was significantly stronger than the nondominant arm
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The increase in isometric strength of the NMES group is consistent with the results 
of studies by Romero et al. (1982), Laughman et al. (1983) and Selkowitz (1985).
The greater mean increase in isometric strength of the Weight group was similar to 
that reported by Massey et al. (1965), who showed that the greatest strength increases 
were associated with isotonic exercise.
In the present study, the NMES/Weight group was found to have the greatest 
mean increase in isometric strength. These results are consistent with those of Currier et 
al. (1979) and Currier and Mann (1983), although these authors used isometric 
contractions in conjunction with NMES, instead of a combination involving isotonic 
contractions.
Circumference
Dependent t tests were used to determine if there was a significant change in the 
pre- and post-test circumference measurements of the mid-tricep. A significant increase 
(2 cm.) in circumference was found in the nondominant arm of the Weight group 
(Appendix E). The dominant arm did not show a significant change, and a significant 
change was not revealed in either the NMES group or the NMES/Weight group. 
Discussion
Theoretically, NMES in combination with isotonic weight training should provide 
an advantage over traditional isotonic weight training due to the reversal of normal 
recruitment patterns. Instead of recruiting the smaller motor units first, as with traditional 
voluntary exercise, NMES increases the recruitment of the larger motor units (Cabric,
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Appell & Resic, 1988). Therefore, the combination of the two training methods should 
train the entire muscle.
The participants in this study were untrained volunteers, who were not familiar 
with NMES. Since the basis of strengthening through NMES is tolerance to the current, 
the participants with a lower pain tolerance may have been at a disadvantage. It is 
necessary to train at a resistance of at least 60% in order to have an increase in muscle 
strength (MacDougall, 1992). Therefore, a higher current intensity would allow for a 
contraction closer to 60% of maximum strength. Initially, all participants involved in a 
NMES-related protocol were apprehensive about the stimulus. However, with time, most 
of the participants accommodated to the stimulus and increased their current intensity. 
Nevertheless, there were a few participants who did not demonstrate a similar magnitude 
of accommodation to current intensity. This may be a possible cause for the insignificant 
difference between the NMES/Weight and the Weight group.
The conflicting results between the two measures of strength may be due to 
specificity of training. Since the participants trained isometrically, statistically significant 
gains in isometric strength between the groups may not be expected. However, there 
were meaningful differences between the groups.
Summary
This study demonstrated that both isotonic weight training and the combination of 
isotonic weight training and NMES will result in greater strength gains than training with 
NMES alone. However, there was no statistical difference between isotonic weight
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training and NMES combined with weight training. Both training methods are equally 
effective in eliciting gains in muscular strength.
CHAPTER 5
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Summary
The purpose of this study was to compare the effects of neuromuscular electrical 
stimulation (NMES), traditional isotonic weight training and NMES combined with 
isotonic weight training on triceps brachii strength. Muscle strength was measured 
through one-repetition maximum and maximal volitional isometric contraction.
Twenty-seven untrained female volunteers completed the study. The participants 
trained three times per week for eight weeks in their respective training group. The 
training protocol of each group was equated through the number o f contractions and the 
length of time involved in training. The NMES group performed volitional extension and 
flexion of the elbow while receiving electrical stimulation. Current intensity was set to 
participant tolerance before each set. The protocol of the stimulator was set for a 1.0 
second ramp up, 2.0 second contraction, 1.0 second ramp down and a 4.0 second rest. 
Three sets of 10 were performed by each arm The Weight group lifted a free weight, 
which provided at least 60% of the 1-RM as resistance. The NMES/Weight group 
simultaneously combined NMES with the resistance of a free weight, weighing a minimum
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of 60% of the 1-RM. The stimulator was set for the same protocol as used for the NMES 
group.
The variables of 1-RM and MVIC were treated statistically through two mixed 
factor design ANOVAs (Group X Time X Arm). A Tukey’s test and simple main effects 
were used to determine where any differences occurred. An effect size test was used to 
determine the meaningfulness of the results.
A significant difference was not found initially between the three training methods 
and their effect on isotonic strength. However, further analysis of an interaction between 
group and time revealed that the Weight group was significantly stronger than the NMES 
group at interval testing, and, at post-test, the NMES/Weight group demonstrated greater 
strength gains than the NMES group. The Weight group showed a significant difference 
from the NMES group in the nondominant arm, and there was a meaningful difference in 
the dominant arm. The null hypothesis was retained.
Although not statistically significant, the NMES/Weight group showed the greatest 
mean increase in isotonic strength in both the dominant (x = 12.27 kg.) and the 
nondominant (x = 11.75 kg.) arms. The Weight group was second with a mean increase 
of 10.48 kg. in the dominant arm and 10.52 kg. in the nondominant arm The NMES had 
the smallest increase with 8.1 kg. and 7.86 kg., respectively. The NMES group 
demonstrated a training effect, but it was not as effective as traditional isotonic weight 
training. The combination of NMES and isotonic weight training also showed a training 
effect, which was greater than the gains achieved by isotonic weight training alone.
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However, this is only an observed difference, since a statistical difference was not found 
between the NMES/Weight group and the Weight group.
The effect of the three training protocols on isometric strength resulted in a 
significant increase in strength over time, but there was not a statistically significant 
difference between groups. However, a meaningful difference was found between the 
NMES group and the other training protocols. For isometric strength, the null hypothesis 
was retained. The NMES/Weight group showed the largest mean change o f isometric 
strength with 4.76 kg. for the dominant arm and 3.86 kg. for the nondominant arm. The 
Weight group followed with a mean increase of 3.95 kg. for the dominant arm and 
3.68 kg. for the nondominant arm The NMES group had the smallest increase of 
2.43 kg. for the dominant arm and 2.05 kg. for the nondominant arm The NMES group 
experienced a training effect, but it was not as great as the effect resulting from the 
NMES/Weight and Weight protocols. The NMES/Weight group and the Weight group 
appeared to be similar in their isometric strength gains. However, these are only 
observations, since a statistical difference was not found among the three training 
methods.
A significant difference between the strength of the dominant and nondominant 
arms was found for both isotonic and isometric strength.
Conclusions
Within the limitations of this study, the following conclusions can be drawn:
1. For isotonic strength, there is a significant difference between isotonic weight 
training and NMES alone, and there is a significant difference between NMES with
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isotonic weight training and NMES alone. However, there is not a significant difference 
between isotonic weight training and NMES with isotonic weight training.
2. The mean isotonic strength gains were significantly increased in all training 
groups. The NMES/Weight group demonstrated the largest mean increase, followed by 
the Weight group and the NMES group, respectively.
3. The mean isometric strength gains were significantly increased in all training 
groups. The NMESAVeight group showed the greatest mean increase, closely followed 
by the Weight group, and the NMES group demonstrated the lowest mean increase.
3. There were conflicting results between the two measures of strength. The 
isotonic measurement revealed a significant difference between groups, while the isometric 
measurement did not reveal a significant difference between groups.
Recommendations
Recommendations of an Applied Nature
1. Since the evidence does not indicate the combination of NMES and isotonic 
weight training provides any additional benefit over weight training alone, it is 
recommended that traditional weight training remain the primary choice for strengthening 
muscle.
Recommendations of a Research Nature
The following are recommendations for fixture studies:
1. A larger sample size may be a more effective means of detecting a statistical 
significance between training protocols.
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2. A longer training period of 8 to 12 weeks may be necessary to find a statistical 
difference between the training protocols and their effects on muscle strength.
3. Grip and forearm strength should be measured and taken into consideration in 
future studies involving the triceps brachii muscle.
4. Further research is needed to determine if there is a significant difference 
between isotonic weight training and NMES combined with isotonic weight training in the 
frontal plane versus the sagittal plane.
APPENDIX A
INSTITUTIONAL REVIEW COMMITTEE APPROVAL 
INFORMED CONSENT
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U N IV E R S IT Y  OF N EVADA LAS V E G A S
DATE: April 28, 1995
TO: Kami N. Prince (KIN)
M/S 3016 , ,  J
-A J  <' ' A .<■ i
FROM: Dr. Lawrence Golding, Chairman
Institutional Review committee
RE: Status of Human Subject Protocol entitled:
"Effect of Electrical Stimulation with Dynamic 
Motion on Triceps Brachii Strength"
OSP #351s0395-520
"Effect of Electrode Size on Optimal Electrical 
Stimulation of the Triceps Brachii Muscle"
OSP # 351s0395-52Os
This memorandum is official notification that the protocol for 
the project referenced above has been approved by the Biomedical 
Subcommittee of the Institutional Review Board. This approval is 
approved for a period of one year from the date of this 
notification, and work on the project may proceed. At the end of 
the year, you must notify this office if the project will be 
continued.
Should the use of human subjects described in this protocol 
continue beyond a year from the date of this notification, it 
will be necessary to request an extension.
If you have any questions or require any assistance, please give 
us a call.
cc: HSP File
Office of Sponsored Programs 
4505 Maryland Parkway •  Box 451037 • Las Vegas, Nevada 89154-1037 
(702) 895-1357 • FAX (702) 895-4242
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CONSENT TO PA R TIC IPA TE IN  A RESEAR CH  STUDY BY TH E 
UNIVERSITY O F NEVADA LAS VEGAS 
EXERCISE PHY SIO LO GY  LAB
TITLE OF T H E  STUDY
The Effect of Electrically Induced Strength Training on Triceps Brachii Strength 
PURPOSE
This study was designed to determine the effects of high frequency electrical stimulation combined with 
voluntary movement on strength acquisition, and to compare these strength gains with those of training 
through voluntary isotonic contractions using the elbow extensor muscle group. The participants are female, 
20 to 35 years in age. Females are being used because there have been few strength studies performed on 
women, and limiting the study to females will reduce the variables caused by including both men and women.
PRO CED URE
If you decide to participate in this study, you will meet three nonconsecutive days per week, for thirty 
minutes, in the Exercise Physiology Lab at the University of Nevada Las Vegas. The investigation will last 
eight weeks. During this time, the triceps brachii muscle will either be electrically stimulated by a 
commercial medical stimulator or voluntarily contracted through an isotonic motion. The total time of actual 
contraction of the muscle will be about two and a half minutes.
Prior to either electrical stimulation or voluntary exercise, the following measurements will be taken for 
demographic information and for experimental comparison:
1. Age, height and weight.
2. Skinfolds at the abdomen, triceps and hip.
3. Localized skinfolds at the mid-bicep, triceps, medial bicep and lateral bicep.
4. Maximum isometric strength of both arms.
5. Maximum isotonic extension strength o f both arms.
Skinfold measurements will be taken at the above mentioned sites. The precise location of each site will be 
determined and measured through the skinfold calipers. Each site is then evaluated for its relative fatness or 
leanness.
Muscle strength will be tested at the beginning o f the study, at four weeks, and upon completion of the eight 
weeks o f training. Isometric strength will be assessed through a force displacement transducer, and isotonic 
strength will be determined through a one-repetition maximum. You will be asked to give maximal effort 
from the triceps brachii muscle when tested.
RISKS
Electrical stimulation of the muscles is a therapeutic technique, which has been incorporated in rehabilitative 
medicine for the greater part o f the twentieth century. The stimulator produces high frequency stimulations, 
which create a strong muscular contraction, yet maintain a low pain response. Electrical stimulation will most 
likely be a new sensation and may require some time to adapt. You will experience a vibrating sensation and 
muscle contraction along with joint movement. Although this current may be somewhat uncomfortable, it 
will not harm you. The amplitude o f the electrical current will not exceed your pain tolerance threshold. This
94
muscle stimulator is routinely used by physical therapists and is sold to the general public who desire it for 
home use. It does not require a medical prescription.
As with any muscle exercise, muscle stiffness or soreness may occur in individuals who are unaccustomed to 
any type of exercise. Electrical stimulation of the muscles is the same as a mild form of active exercise. As a 
result, muscle soreness and stiffness may occur in individuals who are unaccustomed to any type of exercise.
BENEFITS
Through this research, we will learn if electrical stimulation is a viable alternative to voluntary isotonic 
contraction, in terms o f increasing muscle strength.
CONFIDENTIALITY
All test results, and any personal data, will be coded and kept confidential. If the study is published, no 
participants will be identified by name.
RIGHT TO REFUSE OR WITHDRAW
You may refuse to participate. You may withdraw consent and discontinue participation in the study at any 
time.
QUESTIONS
If you have any questions, please feel free to ask the investigators. Should any questions arise at a later date, 
feel free to call Kami Prince at 699-5743 or Lawrence A. Golding, Ph.D. at 895-3766.
You will be given a signed and dated copy of this form for your personal records.
* * * * * * * * * * * * * * * * * * * * * * * *
YOUR SIGNATURE BELOW CERTIFIES THAT YOU UNDERSTAND THE TEST PROCEDURE 
AND HAVE DECIDED TO VOLUNTEER AS A RESEARCH PARTICIPANT. YOU HAVE READ 
THE PROVIDED INFORMATION AND ALL QUESTIONS REGARDING THE EXPERIMENT 
HAVE BEEN ANSWERED TO YOUR SATISFACTION.
Participant’s Signature Participant’s Name Printed Date
Witness’ Signature Witness’ Name Printed Date
APPENDIX B
SAMPLE DATA FORMS
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University o f Nevada Las Vegas
Exercise Physiology Lab
Pre-, Interval & Post-test Score Sheet
PRETEST INTERVAL POST-TEST DATE.
N am e____________________________________________ ________
Address _______________________________________ _
Phone Number (H ).
A ge__________
Group Assignment _ 
H eight___________
. ( W ) _
Skinfolds:
Dominant arm: 
Right arm:
Left arm:
Circumference:
MVIC:
Birthday
Weight lb
ilium
abdomen
RIGHT
mid-bicep
triceps
mid-bicep
triceps
mid-bicep (RT) 
right triceps
LEFT
Upper extremity YES 
pathology
triceps 
frontal thigh
medial bicep 
lateral bicep
medial bicep 
lateral bicep
mid-bicep (LFT)
left triceps
NO
1-RM:
right triceps
60% 1-RM
left triceps
60% 1-RM
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NMES Group
D ay_____
D ate___________
set 1 L R
m A  ______
reps _____  ____
set 2
m A  ______
reps _____  ____
set 3
m A  ______
reps _____  ____
D ay_____
D ate___________
set 1 L R
m A  ______
reps _____  ____
set 2
m A  ______
reps _____  ____
set 3
m A  ______
reps _____  ____
University of Nevada Las Vegas
Exercise Physiology Lab
D ay_____
D ate___________
set 1 L R
mA _____  _____
r e p s   _____
set 2
m A  _______
reps _____  _____
set 3
mA _____  _____
r e p s   _____
D ay_____
D ate___________
set 1 L R
mA _____  _____
reps _____  _____
set 2
mA _____  _____
r e p s   _____
set 3
mA _____  _____
r e p s   _____
D ay_____
D ate___________
set 1 L R
m A   ____
r e p s   ____
set 2
m A   ____
reps _____  ____
set 3
m A   ____
r e p s   ____
D ay_____
D ate___________
set 1 L R
m A   ____
r e p s   ____
set 2
m A   ____
r e p s   ____
set 3
m A   ____
r e p s   ____
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University of Nevada Las Vegas 
Exercise Physiology Lab
Free W eight G roup
Dav Dav Dav
Date Date
Resistance lb. Resistance lb.
L R L R L
R
set 1 set 1
set 2 set 2 set 2
set 3 _____    set 3
D ay_____
D ate___________
Resistance lb.
L R
set 1 
set 2 
set 3
D ay_____
D ate___________
Resistance_______lb.
L R
set 1 _____  _____
set 2 _____  _____
set 3 _____ _____
D ay_____
D ate___________
Resistance_______lb.
L R
set 1 _____  _____
set 2 _____  _____
set 3 ___ _____
Day _ 
Date
Resistance______ lb.
L R
set 1 _____  _____
set 2 _____  _____
set 3 _____
Day _ 
Date
Resistance_______lb.
L R
set 1 _____  _____
set 2 _____  _____
set 3 _____  _____
D ay_____
D ate___________
Resistance_______lb.
L R
set 1 _____  _____
set 2 _____  _____
set 3 _____  _____
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University of Nevada Las Vegas
Exercise Physiology Lab
NM ES/Free W eight G roup
D ay_____
Date ______
Resistance______ lb.
set 1 L R
m A   ___ _
r e p s   ._____
set 2
m A   ___
r e p s   _____
set 3
m A   ___
reps _____  _____
D ay_____
D ate___________
Resistance______ lb.
set 1 L R
m A   ___
r e p s   _____
set 2
mA ___  ___
r e p s   ______
set 3
m A    __ _
r e p s   _____
D ay_____
Date _____
Resistance lb-
set 1 L R
m A  __ _
reps _____ _______
set 2
m A  ___
reps _____ _______
set 3
m A  ___
reps _____ _______
D ay_____
D ate  ____
Resistance______ lb.
set 1 L R
m A   ___
r e p s  _____
set 2
m A    ___
r e p s   _____
set 3
m A    ___
reps _____  ____ _
D ay_____
D ate___________
Resistance______ lb.
set 1 L R
m A   ___
r e p s   _____
set 2
m A   ___
r e p s   _____
set 3
m A   ___
r e p s   _____
D ay_____
D ate___________
Resistance_______lb,
set 1 L R
m A   ___
r e p s   _____
set 2
m A   ___
r e p s   _____
set 3
m A   ___
r e p s   _____
APPENDIX C
PREPARATION OF THE FORTE CB-450
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Forte CB-450 Preparation
Creating Protocol
1. Select “Russian Stimulation.”
2. Create the cycle time:
Delay Up Contr Down Rest
0.0 1.0 2.0 1.0 4.0
3. Create the pulse parameters:
50 bps - burst frequency 
2500 Hz - carrier frequency 
50% - duty cycle
4. Save under “Protocol.” (The present protocol was entitled “Prince.”)
Preparing for Training Set
1. Press [Protocol].
2. Press [Prince].
3. Press [Accept],
4. Increase current amplitude until the participant states the current is beginning to 
feel uncomfortable.
5. Press [Start - clock].
6. Press [Stop] when 10 repetitions are completed or the participant states that 
she wants the training set terminated.
APPENDIX D
POSITIONING OF PARTICIPANT
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Positioning of Participants
APPENDIX E
PARTICIPANT DATA
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Pre-, Interval & Post-test Measurements
of Dependents Variables by the NMES Group
Participant 1-RM (kg) MVIC (kg)
Triceps Brachii Triceps Brachii
dominant T1 T2 T3 T1 T2 T3
arm dom. nondom. dom. nondom. dom. nondom. dom. nondom. dom. nondom. dom. nondom.
12 right 11.2 9.53 14.06 14.06 20.86 18.6 13.56 13.74 15.47 15.88 16.01 16.28
18 right 13.49 10.66 15.2 12.93 21.99 19.73 13.74 14.06 17.34 15.42 17.87 16.96
21 right 8.39 7.82 11.23 10.09 17.46 16.33 12.7 12.97 12.38 11.93 13.74 13.79
23 right 11.23 11.23 12.36 11.79 15.76 15.2 14.33 13.74 12.56 14.24 15.97 15.56
26 right 12.36 11.79 14.06 14.06 19.73 19.73 11.79 11.57 14.15 12.34 16.28 12.97
27 left 11.79 10.66 15.42 14.06 20.87 19.73 16.19 16.74 17.1 16.47 17.96 18.79
28 right 10.09 10.09 12.36 11.79 18.6 17.46 14.1 13.15 15.1 15.47 15.6 15.97
Mean 11.22 10.25 13.53 12.68 19.32 18.11 13.77 13.71 14.87 14.54 16.2 15.76
St. Dev. 1.636 1.299 1.579 1.531 2.188 1.834 1.378 1.568 1.981 1.775 1.437 1.943
St. Error 0.618 0.491 0.597 0.579 0.827 0.693 0.521 0.593 0.749 0.671 0.543 0.734
Participant 1-RM
Triceps Brachii 
dominant
pre-post Diff
nondominant
pre-post Diff
MVIC
Triceps Brachii 
dominant
pre-post Diff
nondominant
pre-post Diff
12 11.2-20.86 9.66 9.53-18.6 9.07 13.56 -16.01 2.45 13.74 -16.28 2.54
18 13.49-21.99 8.5 10.66-19.73 9.07 13.74 -17.87 4.13 14.06-16.96 2.9
21 8.39-17.46 9.07 7.82-16.33 8.51 12.7-13.74 1.04 12.97-13.79 0.82
23 11.23-15.76 4.53 11.23-15.2 3.97 14.33 -15.97 1.64 13.74-15.56 1.82
26 12.36-19.73 7.37 11.79-19.73 7.94 11.79-16.28 4.49 11.57-12.97 1.4
27 11.79-20.87 9.08 10.66-19.73 9.07 16.19-17.96 1.77 16.74-18.79 2.05
28 10.09-18.6 8.51 10.09-17.46 7.37 14.1 -15.6 1.5 13.15-15.97 2.82
Mean 
St. Dev. 
St. Error
8.103
1.729
0.654
7.857
1.835
0.693
2.431
1.353
0.512
2.05
0.769
0.29
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Pre-, Interval & Post-test Measurements
of Dependent Variables by the Weight Group
Participant 1-RM (kg) MVIC (kg)
Triceps Brachii Triceps Brachii
dominant T1 T2 T3 T1 T2 T3
arm dom. nondom. dom. nondom. dom. nondom. dom. nondom. dom. nondom. dom. nondom.
6 left 16.33 14.63 19.16 18.59 26.54 25.4 17.59 17.96 21.64 21.91 22.49 21.86
9 left 14.06 13.49 15.76 13.49 18.59 17.46 12.47 12.61 16.15 16.87 16.51 16.92
11 right 11.79 11.23 14.63 14.06 21.99 20.87 12.02 9.75 11.48 12.56 13.11 12.88
15 right 13.27 12.93 19.73 18.59 24.27 23.13 14.38 18.19 21.45 20.68 22.27 21.59
22 left 14.63 14.06 19.73 19.73 27.1 27.1 16.96 16.01 17.15 15.69 18.19 17.69
25 right 7.26 7.26 12.93 12.93 20.87 20.87 14.11 14.38 16.69 14.65 17.42 15.06
30 right 12.93 11.79 19.73 18.59 24.83 24.27 13.74 14.15 17.96 17.96 18.28 20.55
31 right 9.53 9.53 15.19 15.19 21.99 21.99 15.6 13.69 18.46 17.96 20.77 20.05
34 right 14.06 13.49 15.19 15.19 21.99 21.99 17.37 16.83 20.46 17.83 20.77 20.05
Mean 12.65 12.05 16.89 16.26 23.13 22.56 14.92 14.84 17.94 17.35 18.87 18.52
St. Dev. 2.771 2.389 2.674 2.603 2.766 2.835 2.077 4.44 3.157 2.874 3.032 3.091
St. Error 0.924 0.796 0.891 0.868 0.922 0.945 0.692 1.48 1.052 0.958 1.011 1.03
Participant 1-RM MVIC
Triceps Brachii Triceps Brachii
dominant nondominant dominant nondominant
pre-post Diff pre-post Diff pre-post Diff pre-post Diff
6 16.33-26.54 10.21 14.63 - 25.4 10.77 17.59-22.49 4.9 17.96-21.86 3.9
9 14.06-18.59 4.53 13.49-17.46 3.97 12.47-16.51 4.04 12.61-16.92 4.31
11 11.79-21.99 10.2 11.23-20.87 9.64 12.02-13.11 1.09 9.75-12.88 3.13
15 13.27-24.27 11 12.93-23.13 10.2 14.38 - 22.27 7.89 18.19-21.59 3.4
22 14.63 - 27.1 12.47 14.06 - 27.1 13.04 16.96-18.19 1.23 16.01-17.69 1.68
25 7.26 - 20.87 13.61 7.26 - 20.87 13.61 14.11 -17.42 3.31 14.38-15.06 0.68
30 12.93-24.83 11.9 11.79-24.27 12.48 13.74-18.28 4.54 14.15-20.55 6.4
31 9.53-21.99 12.46 9.53-21.99 12.46 15.6-20.77 5.17 13.69-20.05 6.36
34 14.06-21.99 7.93 13.49-21.99 8.5 17.37-20.77 3.4 16.83-20.05 3.22
Mean 10.48 10.52 3.952 3.676
St. Dev. 2.784 2.988 2.078 1.891
St. Error 2.784 0.996 0.693 0.63
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Pre-, Interval & Post-test Measurements
of Dependent Variables by the NMES/Free Weight Group
Participant
dominant
arm
1-RM (kg)
Triceps Brachii
T1 T2 T3
dom. nondom. dom. nondom. dom. nondom.
MVIC (kg)
Triceps Brachii
T1 T2 T3
dom. nondom. dom. nondom. dom. nondom.
1 right 11.79 11.23 17.46 15.76 28.8 26.5 16.24 14.56 21.27 15.1 21.45 20.14
2 right 8.39 7.26 14.06 12.93 20.29 19.16 14.61 13.65 16.15 14.65 18.05 15.1
3 right 10.66 10.09 15.19 14.06 23.13 22.57 13.56 13.56 17.28 16.37 19.91 18.28
4 right 11.79 8.96 13.49 11.23 24.27 23.13 13.93 12.61 16.06 12.75 17.51 14.02
7 right 14.06 12.93 18.59 17.46 28.8 28.8 18.69 18.64 19.64 19.23 23.36 23.54
8 right 8.39 7.82 8.96 7.82 14.06 12.93 9.93 10.7 11.07 10.57 13.79 13.47
10 left 14.63 14.63 17.46 16.33 25.4 24.83 13.56 16.33 15.74 16.01 20.59 19.73
13 right 11.79 12.36 15.19 15.19 20.87 21.43 13.06 12.93 16.1 16.33 16.15 17.06
16 right 15.76 16.33 18.59 18.59 28.8 27.67 17.06 16.1 21.91 14.61 24.9 22.18
20 right 8.39 8.39 15.19 15.19 21.99 19.16 10.61 10.25 13.43 13.29 13.47 13.43
29 right 11.79 11.22 12.93 12.93 25.97 24.27 11.39 10.07 12.84 13.74 15.83 14.92
Mean 11.59 11.02 15.19 14.32 23.85 22.77 13.88 13.58 16.5 14.79 18.64 17.44
St. Dev. 2.539 2.884 2.855 3.024 4.494 4.535 2.697 2.712 3.404 2.27 3.752 3.584
St. Error 0.766 0.869 0.861 0.912 1.355 1.367 0.813 0.818 1.026 0.685 1.131 1.081
Participant 1-RM
Triceps Brachii 
dominant
pre-post Diff
nondominant
pre-post Diff
MVIC
Triceps Brachii 
dominant
pre-post Diff
nondominant
pre-post Diff
1 11.79-28.8 17.01 11.23-26.5 15.27 16.24-21.45 5.21 14.56-20.14 5.58
2 8.39 - 20.29 11.9 7.26 -19.16 11.9 14.61 -18.05 3.44 13.65-15.1 1.45
3 10.66-23.13 12.47 10.09-22.57 12.48 13.56-19.91 6.35 13.56-18.28 4.72
4 11.79-24.27 12.47 8.96-23.13 14.17 13.93-17.51 3.58 12.61 -14.02 1.41
7 14.06-28.8 14.74 12.93-28.8 15.87 18.69-23.36 4.67 18.64-23.54 4.9
8 8.39-14.06 5.67 7.82 -12.93 5.11 9.93-13.79 3.86 10.7-13.47 2.77
10 14.63-25.4 10.77 14.63-24.83 10.2 13.56-20.59 7.03 16.33-19.73 3.4
13 11.79-20.87 9.08 12.36-21.43 9.07 13.06-16.15 3.09 12.93-17.06 4.13
16 15.76 - 28.8 13.04 16.33-27.67 11.34 17.06 - 24.9 7.84 16.1-22.18 6.08
20 8.39-21.99 13.6 8.39-19.16 10.77 10.61 -13.47 2.86 10.25-13.43 3.18
29 11.79-25.97 14.18 11.22-24.27 13.05 11.39-15.83 4.44 10.07-14.92 4.85
Mean 12.27 11.75 4.761 3.861
St. Dev. 3.013 3.038 1.668 1.563
St. Error 0.908 0.916 0.503 0.471
APPENDIX F
STATISTICAL ANALYSIS
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SAS - 1-RM
--------  NMES, pretest, dominant arm ------------------
N Obs N Mean Std Dev Std Error
7 7 24.7500000 3.6084392 1.3638618
-------  NMES, pretest, nondominant arm ---------------
N Obs N Mean Std Dev Std Error
7 7 22.6785714 2.7069135 1.0231172
------ NMES, interval test, dominant arm -------------
N Obs N Mean Std Dev Std Error
7 7 29.8214286 3.4812423 1.3157859
  NMES, interval test, nondominant arm -----------
N Obs N Mean Std Dev Std Error
7 7 27.9642857 3.3740078 1.2752551
-------- NMES, post-test, dominant arm ---------------
N Obs N Mean Std Dev Std Error
7 7 42.6071429 4.8258357 1.8239945
------  NMES, post-test, nondominant arm -------------
N Obs N Mean Std Dev Std Error
7  7  3 9 . 9 2 8 5 7 1 4  4 . 0 4 5 8 6 8 0  1 . 5 2 9 1 9 4 4
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SAS - 1-RM
---------  Weight, pretest, dominant arm -------------
N Obs N Mean Std Dev Std Error
9 9 27.8888889 6.1110953 2.0370318
-------- Weight, pretest, nondominant arm ----------
N Obs N Mean Std Dev Std Error
9 9 26.5555556 5.2704628 1.7568209
------- Weight, interval test, dominant arm --------
N Obs N Mean Std Dev Std Error
9 9 37.2500000 5.8962382 1.9654127
Weight, interval test, nondominant arm
N Obs N Mean Std Dev Std Error
9 9 35.8611111 5.7433536 1.9144512
--------- Weight, post-test, dominant arm ----------
N Obs N Mean Std Dev Std Error
9 9 51.0000000 6.0917465 2.0305822
-------- Weight, post-test, nondominant arm --------
N Obs N Mean Std Dev Std Error
9 9 4 9 . 7 5 0 0 0 0 0  6 . 2 5 0 0 0 0 0  2 . 0 8 3 3 3 3 3
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SAS - 1-RM
------- NMES/Weight, pretest, dominant arm -----------
N Obs N Mean Std Dev Std Error
11 11 25.5454545 5.5977877 1.6877965
  NMES/Weight, pretest, nondominant arm ---------
N Obs N Mean Std Dev Std Error
11 11 24.2954545 6.3559206 1.9163822
—  NMES/Weight, interval test, dominant arm --------
N Obs N Mean Std Dev Std Error
11 11 33.5000000 6.2998016 1.8994616
NMES/Weight, interval test, nondominant arm -------
N Obs N Mean Std Dev Std Error
11 11 31.5681818 6.6699802 2.0110747
  NMES/Weight, post-test, dominant arm -----------
N Obs N Mean Std Dev Std Error
11 11 52.5909091 9.9072402 2.9871453
  NMES/Weight, post-test, nondominant arm --------
N Obs N Mean Std Dev Std Error
1 1  1 1  5 0 . 2 0 4 5 4 5 5  1 0 . 0 0 4 2 6 0 5  3 . 0 1 6 3 9 8 0
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SAS - 1-RM
Analysis of Variance Procedure 
Class Level Information
Class Levels Values
SUBJECTS 27 1 2  3 4 6 7 8 9 10 11 12 13 15 16 1
27 28 29 30 31 34
A 3 1 2  3
B 3 1 2  3
C 2 1 2
Number of observations in data set :
Dependent Variable: SCORE
Sum of Mean
Source DF Squares Square
Model 161 22324.18403 138 .65953
Error 0
Corrected Total 161 22324 .18403
R-Square C.V. Root MSE
1 . 000000 0 0
Dependent Variable: SCORE
Source DF Anova SS Mean Square
A 2 1134.78620 567 .39310
B 2 14920.11111 7460.05556
C 1 126.67014 126.67014
SUBJECTS(A) 24 4473.40825 186 .39201
A*B 4 418.02784 104.50696
A*C 2 4.76960 2 .38480
B*C 2 2.39815 1.19907
SUBJECTS*B(A) 48 1123 . 56938 23.40770
SUBJECTS*C(A) 24 70.71651 2 .94652
A*B*C 4 2 .51515 0 .62879
SUBJECTS*B*C(A) 48 47.21170 0 . 98358
F Value
F Value
23 25 26
Pr > F
SCORE Mean 
35 . 5787037
Pr > F
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SAS - 1-RM
A  = G r o u p  
B  = T im e  
C = A rm
Tests of Hypotheses using the Anova MS for SUBJECTS(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
A 2 1134.786195 567.393098 3 . 04 0 . 0663
Tests of Hypotheses using the Anova MS for SUBJECTS*B(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
B 2 1 4 9 2 0 . 1 1 1 1 1 7 4 6 0 . 0 5 5 5 6 3 1 8 . 7 0 0 . 0 0 0 1
A*B 4 4 1 8 . 0 2 7 8 4 1 0 4 . 5 0 6 9 6 4 . 4 6 0 . 0 0 3 8
Tests of Hypotheses using the Anova MS for SUBJECTS*C(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
C 1 1 2 6 . 6 7 0 1 3 8 9 1 2 6 . 6 7 0 1 3 8 9 4 2  . 9 9 0 . 0 0 0 1
A*C 2 4 . 7696008 2 .3848004 0 .81 0 .4569
Tests of Hypotheses using the Anova MS for SUBJECTS*B*C(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
B*C 2 2 .39814815 1 .19907407 1.22 0 .3045
A*B*C 4 2 .51515152 0 .62878788 0 .64 0.6370
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate, but 
generally has a higher type II error rate than REGWQ.
Alpha= 0.05 df= 48 MSE= 23.4077 
Critical Value of Studentized Range= 3.420 
Minimum Significant Difference= 2.2519
Means with the same letter are not significantly different.
Tukey Grouping Mean N B
A 48.431 54 3
B 32 . 931 54 2
C 25.375 54 1
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SAS - 1-RM
Further analysis of Group at:
- pretest, dominant arm --
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value
Model 2 44 . 93013468 22 .46506734 0 . 78
Error 24 690.24116162 28 . 76004840
Corrected Total 26 735 .17129630
R-Square C. V. Root MSE
0.061115 20 .53125 5.362840
Source DF Anova SS Mean Square F Value
A 2 44.93013468 22.46506734 0 .78
Pr > F 
0 .4692
SCORE Mean 
26 .1203704
Pr > F 
0 .4692
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidence= 0.95 df= 24 MSE= 28.76005 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
Simultaneous Simultaneous
Lower Difference Upper
A Confidence Between Confidence
2 - 3 -3.676 2 .343 8 .363
2 - 1 -3.610 3 .139 9.888
3 - 2 -8.363 -2 .343 3 .676
3 - 1 -5.680 0.795 7 .271
1 - 2 -9.888 -3 .139 3.610
1 - 3 -7.271 -0.795 5.680
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SAS - 1-RM
Further analysis of Group at:
-----  pretest, nondominant arm --------
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value
Model 2 61.25751563 30.62875782 1.10
Error 24 670.16378066 27 . 92349086
Corrected Total 26 731.42129630
R-Square C. V. Root MSE
0.083751 21 .45492 5.284268
Source DF Anova SS Mean Square F Value
A 2 61.25751563 30.62875782 1.10
0 .3501
SCORE Mean 
24 . 6296296 
Pr > F 
0.3501
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidence= 0.95 df= 24 MSE= 27.9234 9 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
Simultaneous Simultaneous
Lower Difference Upper
A Confidence Between Confidence
2 - 3 -3.671 2.260 8 .191
2 - 1 -2.773 3 .877 10 .527
3 - 2 -8.191 -2.260 3 .671
3 - 1 -4.763 1 . 617 7 .997
1 - 2 -10.527 -3 .877 2 .773
1 - 3 -7.997 -1.617 4 .763
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SAS - 1-RM
Further analysis of Group at:
- interval test, dominant arm 
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value
Model 2 218 . 9153439 109.4576720 3.51
Error 24 747.7142857 31 .1547619
Corrected Total 26 966 . 6296296
R-Square C.V. Root MSE
0 .226473 16 .51555 5 .581645
Source DF Anova SS Mean Square F Value
A 2 218.9153439 109 .4576720 3 . 51
0 . 0459
SCORE Mean 
33 .7962963 
Pr > F 
0 . 0459
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidence= 0.95 df= 24 MSE= 31.15476 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
A
Simultaneous
Lower
Confidence
Difference
Between
Simultaneous
Upper
Confidence
2 - 3 -2.515 3 .750 10.015
2 - 1 0 . 4 0 4 7 . 4 2 9 1 4 . 4 5 3
3 - 2 -10.015 -3 .750 2 .515
3 - 1 -3.061 3.679 10 .418
1 - 3 -10.418 -3 .679 3 . 061
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SAS - 1-RM
Further analysis of Group at:
interval test, nondominant arm 
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value
Model 2 250.1202501 125.0601251 3 .86
Error 24 777.0788240 32 .3782843
Corrected Total 26 1027.1990741
R-Square C.V. Root MSE
0 .243497 17.74591 5.690192
Source DF Anova SS Mean Square F Value
A 2 250.1202501 125.0601251 3 . 86
Pr > F 
0 . 0351
SCORE Mean 
32.0648148 
Pr > F 
0.0351
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidence= 0.95 df= 24 MSE= 32.37828 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
Simultaneous Simultaneous
Lower Difference Upper
Confidence Between Confidence
- 3
-  1
-2.094 
0 . 7 3 6
4.293 10.680
7 . 8 9 7  1 5 . 0 5 8  * * *
■10.680 
-3 .267
-4 .293 
3 .604
2 . 094 
10.474
1
1
-  2
- 3
-15.058
- 1 0 . 4 7 4
- 7 . 8 9 7
-3.604
- 0 . 7 3 6
3 .267
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SAS - 1-RM
Further analysis of Group at:
post-test, dominant arm -- 
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value
Model 2 457.9004329 228.9502165 3 .87
Error 24 1418.1412338 59.0892181
Corrected Total 26 1876.0416667
R-Square C.V. Root MSE
0 .244078 15.53791 7.686951
Source DF Anova SS Mean Square F Value
A 2 457.9004329 228 . 9502165 3 .87
Pr > F 
0. 0348
SCORE Mean 
49.4722222 
Pr > F 
0 . 0348
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidence= 0.95 df= 24 MSE= 59.08922 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
Simultaneous Simultaneous
Lower Difference Upper
A Confidence Between Confidence
3 _ 2 -7 . 037 1.591 10.219
3 - 1 0.702 9.984 19.265
2 _ 3 -10.219 -1.591 7 . 037
2 - 1 -1.281 8 .393 18 . 067
1 _ 3 -19.265 -9.984 -0.702
1 - 2 -18.067 -8.393 1 .281
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SAS - 1-RM
Further analysis of Group at:
- post-test, nondominant arm -■ 
Class Levels Values
A 3 1 2  3
Number of observations in by group
Sum of Mean
Source DF Squares Square
Model 2 526 . 9751082 263 .4875541
Error 24 1411.5665584 58 .8152733
Corrected Total 26 1938.5416667
R-Square C.V. Root MSE
0.271841 16 .18335 7.669112
Source DF Anova SS Mean Square
A 2 526.9751082 263 .4875541
4 .48
Pr > F 
0 . 0 2 2 2
SCORE Mean 
47.3888889 
/alue Pr > F
4.48 0.0222
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidence= 0.95 df= 24 MSE= 58.81527 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***' .
Simultaneous Simultaneous
Lower Difference Upper
A Confidence Between Confidence
3 2 -8.154 0 .455 9 . 063
3 - 1 1.016 10.276 19.536 ** *
2 _ 3 -9.063 -0.455 8 .154
2 - 1 0.170 9.821 19.473 ** *
1 _ 3 -19.536 -10.276 -1.016 * * *
1 - 2 -19.473 -9.821 -0.170 ***
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SAS - MVIC
--------  NMES, pretest, dominant arm ---------------
N Obs N Mean Std Dev Std Error
7 7 30.4000000 3.0342489 1.1468383
-------  NMES, pretest, nondominant arm -------------
N Obs N Mean Std Dev Std Error
7 7 30.2285714 3.4552927 1.3059779
NMES, interval test, dominant arm
N Obs N Mean Std Dev Std Error
7 7 32.7857143 4.3575332 1.6469927
NMES, interval test, nondominant arm
N Obs N Mean Std Dev Std Error
7 7 32.0428571 3.9110345 1.4782321
-------- NMES, post-test, dominant arm -------------
N Obs N Mean Std Dev Std Error
7 7 35.7285714 3.1673934 1.1971622
------  NMES, post-test, nondominant arm ------------
N Obs N Mean Std Dev Std Error
7  7  3 4 . 7 4 2 8 5 7 1  4 . 2 7 6 2 3 5 5  1 . 6 1 6 2 6 5 1
SAS - MVIC
----------  Weight, pretest, dominant arm -------------
N Obs N Mean Std Dev Std Error
9 9 32.8888889 4.5829697 1.5276566
--------- Weight, pretest, nondominant arm ----------
N Obs N Mean Std Dev Std Error
9 9 32.7222222 5.9941175 1.9980392
-------  Weight, interval test, dominant arm----------
N Obs N Mean Std Dev Std Error
9 9 39.5444444 6.9633166 2.3211055
------ Weight, interval test, nondominant arm -------
N Obs N Mean Std Dev Std Error
9 9 38.2444444 6.3334649 2.1111550
--------  Weight, post-test, dominant arm ------------
N Obs N Mean Std Dev Std Error
9 9 41.6000000 6.6899178 2.2299726
------  Weight, post-test, nondominant arm -----------
N Obs N Mean Std Dev Std Error
9 9 4 0 . 8 2 2 2 2 2 2  6 . 8 1 3 3 6 5 1  2 . 2 7 1 1 2 1 7
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SAS - MVIC
------- NMES/Weight, pretest, dominant arm ---------
N Obs N Mean Std Dev Std Error
11 11 30.5909091 5.9411202 1.7913151
-----  NMES/Weight, pretest, nondominant arm -------
N Obs N Mean Std Dev Std Error
11 11 29.9454545 5.9791912 1.8027940
  NMES/Weight, interval test, dominant arm ------
N Obs N Mean Std Dev Std Error
11 11 36.3727273 7.5069422 2.2634282
  NMES/Weight, interval test, nondominant arm ---
N Obs N Mean Std Dev Std Error
11 11 32.6000000 5.0079936 1.5099669
------- NMES/Weight, post-test, dominant arm -------
N Obs N Mean Std Dev Std Error
11 11 41.0909091 8.2731438 2.4944467
------ NMES/Weight, post-test, nondominant arm -----
N Obs N Mean Std Dev Std Error
1 1  1 1  3 8 . 4 5 4 5 4 5 5  7 . 9 0 1 6 9 1 4  2 . 3 8 2 4 4 9 6
SAS - MVIC
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Analysis of Variance Procedure 
Class Level Information
Class Levels 
SUBJECTS 27
Values
1 2 3 4 6 7 8 9 10 11 12 13 15 16 18 20 21 22 
27 28 29 30 31 34
A
B
C
1 2  3 
1 2  3 
1 2
Number of observations in data set 162
Dependent Variable : SCORE
Sum of Mean
Source DF Squares Square
Model 161 7812 . 942531 48 . 527593
Error 0
Corrected Total 161 7812.942531
R-Square C.V. Root MSE
1.000000 0 0
Dependent Variable : SCORE
Source DF Anova SS Mean Square
A 2 601.231345 300.615673
B 2 1710.098642 855.049321
C 1 76.192654 76.192654
SUBJECTS(A) 24 4387.862852 182 .827619
A*B 4 137.112176 34 .278044
A*C 2 26.814097 13 .407048
B*C 2 22 . 826049 11 .413025
SUBJECTS*B(A) 48 399.292516 8 .318594
SUBJECTS*C(A) 24 234.881582 9.786733
A*B*C 4 8.857149 2.214287
SUBJECTS*B*C(A) 48 207.773468 4.328614
F Value
F Value
23 25 26
Pr > F
SCORE Mean 
35.2067901
Pr > F
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SAS - MVIC
A = Group 
B = Time 
C = Arm
Tests of Hypotheses using the Anova MS for SUBJECTS(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
A 2 601.2313452 300.6156726 1. 64 0 .2142
Tests of Hypotheses using the Anova MS for SUBJECTS*B(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
B 2 1710.098642 855.049321 102 .79 0.0001
A*B 4 137.112176 34.278044 4.12 0.0060
Tests of Hypotheses using the Anova MS for SUBJECTS*C(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
C 1 76.19265432 76.19265432 7.79 0 .0102
A*C 2 26.81409652 13 .40704826 1 .37 0 .2733
Tests of Hypotheses using the Anova MS for SUBJECTS*B*C(A) as an error term
Source DF Anova SS Mean Square F Value Pr > F
B*C 2 22 . 82604938 11.41302469 2 . 64 0 . 0820
A*B*C 4 8 . 85714927 2.21428732 0 . 51 0 .7275
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate, but 
generally has a higher type II error rate than REGWQ.
Alpha= 0.05 df= 48 MSE= 8.318594 
Critical Value of Studentized Range= 3.420 
Minimum Significant Difference= 1.3425
Means with the same letter are not significantly different.
Tukey Grouping Mean N B
A 39.076 54 3
B 35.419 54 2
C 31.126 54 1
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SAS - MVIC
Further analysis o£ Group at:
------  pretest, dominant arm -----------
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DP Squares Square F Value Pr > F
Model 2 33 . 92053872 16.96026936 0.71 0 .5034
Error 24 576.23797980 24 .00991582
Corrected Total 26 610.15851852
R-Square C.V. Root MSE SCORE Mean
0.055593 15.65122 4.899991 31. 3074074
Source DF Anova SS Mean Square F Value Pr > F
A 2 33.92053872 16.96026936 0.71 0.5034
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidence= 0.95 df= 24 MSE= 24.00992 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'
Simultaneous Simultaneous
Lower Difference Upper
A Confidence Between Confidence
2 - 3 -3.202 2.298 7.798
2 - 1 -3 .678 2.489 8 .656
3 - 2 -7 .798 -2 .298 3 .202
3 - 1 -5.725 0.191 6 .107
1 - 2 -8 .656 -2.489 3 .678
1 - 3 -6.107 -0.191 5.725
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SAS - MVIC
Further analysis o£ Group at:
pretest, nondominant arm -- 
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value
Model 2 43 .00955267 21. 50477633 0 . 72
Error 24 716.57711400 29.85737975
Corrected Total 26 759.58666667
R-Square C.V. Root MSE
0.056622 17 . 65807 5.464191
Source DF Anova SS Mean Square F Value
A 2 43.00955267 21.50477633 0 . 72
Pr > F 
0 .4969
SCORE Mean 
30 . 9444444 
Pr > F 
0 .4969
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidence= 0.95 df= 24 MSE= 29.85738 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
A
Simultaneous
Lower
Confidence
Difference
Between
Simultaneous
Upper
Confidence
2 - 1 -4 .383 2 .494 9 .370
2 - 3 -3.356 2 . 777 8 . 910
1 - 2 -9.370 -2.494 4 .383
1 - 3 -6.314 0 .283 6 . 881
3 - 2 -8.910 -2 .777 3 .356
3 - 1 -6.881 -0 .283 6 .314
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SAS - MVIC
Further analysis of Group at:
  interval test, dominant arm ------
Class Levels Values 
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value Pr > F
Model 2 180 .1673882 90.0836941 2 . 03 0.1534
Error 24 1065.3726118 44.3905255
Corrected Total 2G 1245 .5400000
R-Square C.V. Root MSE SCORE Mean
0.144650 18 .25376 6 .662622 36 .5000000
Source DF Anova SS Mean Square F Value Pr > F
A 2 180.1673882 90.0836941 2 . 03 0 .1534
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidences 0.95 df= 24 MSE= 44.39053 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
Simultaneous Simultaneous
Lower Difference Upper
A Confidence Between Confidence
2 - 3 -4.307 3 .172 10.650
2 - 1 -1.626 6 .759 15.144
3 - 2 -10.650 -3 .172 4 .307
3 - 1 -4 .458 3 .587 11.632
1 - 2 -15.144 -6 .759 1 . 626
1 - 3 -11 . 632 -3 .587 4 .458
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SAS - MVIC
Further analysis of Group at:
  interval test, nondominant arm -----
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value
Model 2 207.4435979 103 .7217989 3 .75
Error 24 663.4793651 27 . 6449735
Corrected Total 26 870 . 9229630
R-Square C.V. Root MSE
0.238188 15.31247 5.257849
Source DF Anova SS Mean Square F Value
A 2 207.4435979 103 . 7217989 3 .75
0.0382
SCORE Mean 
34.3370370 
Pr > F 
0.0382
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidences 0.95 df= 24 MSE= 27.644 97 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
A
Simultaneous
Lower
Confidence
Difference
Between
Simultaneous
Upper
Confidence
2 - 3 -0.257 5 . 644 11.546
2 - 1 -0 .415 6 .202 12 . 819
3 - 2 -11.546 -5.644 0 .257
3 - 1 -5.791 0.557 6 . 906
1 - 2 -12.819 -6.202 0.415
1 - 3 -6.906 -0.557 5 .791
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SAS - MVIC
Further analysis of Group at:
post-test, dominant arm
Source
Model
Error
Corrected Total
Source
A
Class Levels Values
A 3 1 2  3
Number of observations in by group
Sum of Mean
DF Squares Square
2 163 .3929197 81. 6964598
24 1102.6833766 45.9451407
26 1266.0762963
R-Square C.V. Root MSE
0.129055 17.00081 6.778284
DF Anova SS Mean Square
2 163 .3929197 81. 6964598
1.78
Pr > F 
0 .1905
1. 78
SCORE Mean 
39 .8703704 
Pr > F 
0 .1905
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidences 0.95 df= 24 MSE= 45.94514 
Critical Value of Studentized Range= 3.532
Comparisons significant at the 0.05 level are indicated by '***'.
Simultaneous Simultaneous
Lower Difference Upper
A Confidence Between Confidence
2 - 3 -7.099 0 .509 8 .117
2 - 1 -2.659 5.871 14 .402
3 - 2 -8 .117 -0.509 7 . 099
3 - 1 -2 .822 5.362 13.547
1 - 2 -14.402 -5.871 2 .659
1 - 3 -13.547 -5.362 2 . 822
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SAS - MVIC
Further analysis of Group at:
- post-test, nondominant arm -■ 
Class Levels Values
A 3 1 2  3
Number of observations in by group = 27
Sum of Mean
Source DF Squares Square F Value Pr > F
Model 2 146.0807696 73 . 0403848 1.59 0.2255
Error 24 1105.4599711 46 . 0608321
Corrected Total 26 1251.5407407
R-Square C.V. Root MSE SCORE Mean
0.116721 17.72871 6.786813 38 .2814815
Source DF Anova SS Mean Square F Value Pr > F
A 2 146 . 0807696 73 . 0403848 1.59 0.2255
Tukey's Studentized Range (HSD) Test for variable: SCORE
NOTE: This test controls the type I experimentwise error rate.
Alpha= 0.05 Confidences 0.95 df= 24 MSE= 46.06083
Critical Value of Studentized Range= 3.532 
Comparisons significant at the 0.05 level are indicated by '***'
Simultaneous Simultaneous
Lower Difference Upper
A Confidence Between Confidence
2 - 3 -5.250 2.368 9 . 985
2 - 1 -2 .462 6 . 079 14 . 621
3 - 2 -9 . 985 -2.368 5.250
3 - 1 -4.483 3 .712 11.906
1 - 2 -14 .621 -6.079 2.462
1 - 3 -11.906 -3.712 4 .483
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SAS - DEPENDENT t TEST 
Arm Circumference
Analysis Variable: Pre-Post Difference 
dominant arm
- NMES group
N Obs N Mean Std Dev T Prob>T
7 7 -0.2857143 0 .6025738 -1.2545001 0 .2563
Analysis Variable: Pre-Post Difference 
nondominant arm
- NMES group
N Obs N Mean Std Dev T Prob>T
7 7 -0 .3000000 0 .6164414 -1 .2875926 0.2453
Analysis Variable: Pre-Post Difference 
dominant arm
- Weight group
N Obs N Mean Std Dev T Prob>T
9 9 -0.0555555 0.1102396 -1.5118579 0 .1690
Analysis Variable: Pre-Post Difference 
nondominant arm
- Weight group
N Obs N Mean Std Dev T Prob>T
9 9 -0.1111111 0.1317616 -2.5298221 0.0353
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Analysis Variable: Pre-Post Difference 
dominant arm
- NMES/Weight group
N Obs N Mean Std Dev T Prob>T
11 11 -0 .1590909 0.4073194 -1.2954081 0 .2243
Analysis Variable: Pre-Post Difference 
nondominant arm
- NMES/Weight group
N Obs N Mean Std Dev T Prob>T
11 11 -0.0681818 0.3370999 -0 . 6708204 0.5175
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